Development, Ecology and Molecular Species Identification of Corpse-Associated Calliphoridae (Diptera) : Consequences for Estimating the Post-Mortem Interval by Reibe, Saskia
Development, Ecology and Molecular
Species Identification of Corpse-Associated
Calliphoridae (Diptera) - Consequences for
Estimating the Post-Mortem Interval
Dissertation
zur










Angefertigt mit Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultät der Rheinischen
Friedrich-Wilhelms-Universität Bonn
1. Gutachter: Prof. Madea
2. Gutachter: Prof. Wägele
Tag der Promotion: 1. Juni 2010
Abstract
Forensic entomology is the application of entomological knowledge in processing
forensic cases involving arthropod infested corpses. The question arising most fre-
quently concerns the estimation of a post-mortem interval (PMI). This endeavour
can be approached in two different ways. Firstly, the succession of insect colo-
nization can give reasonable evidence about the time interval of a decomposition
period, as different species prefer different decomposition stages, which are related
to temperature and time. Secondly, the age of the most developed blow fly larvae
(Diptera: Calliphoridae) can indicate a minimum post-mortem interval since blow
flies are usually the first colonizers on carcass. To calculate the age of blow fly larvae
developing on a corpse, their developmental progress has to be determined as accu-
rately as possible. Development is strictly temperature dependent as blow fly larvae
are poikilothermic animals. Thus, combining the developmental progress and the
temperature influencing it, the developmental time of the larvae can be calculated.
The commonly used methods for calculating larval age are isomegalen diagrams and
the concept of accumulated degree hours (ADH). These ADHs are the product of
a certain time interval and the corresponding temperature. The ADH method as-
sumes a linear relationship between the developmental rate (1/development time)
and the temperature. However, the relationship is only linear in certain temperature
thresholds. Using the method in temperature ranges beyond these thresholds leads
to miscalculations. A second problem in estimating the PMI based on the age of
the most developed blow fly larvae is the estimation of the time interval between
time of death and first colonization by blow flies. For corpses exposed outdoors and
in an easily accessible environment, this time interval can be neglected as the blow
flies will start depositing their immediately after death. However, when corpses are
found inside a room or were wrapped in plastic bags and stored in some kind of
container it is difficult to estimate the time interval between exposure of the corpse
and access of the flies. An experimental setup was designed to compare the time
interval between exposure of carcass and the first deposition of egg batches by blow
flies indoors and outdoors. The indoor carcasses were colonized on average up to 24
hours later than the outdoor carcass. In all nine experimental runs, indoors signifi-
cantly less egg batches were counted compared to outdoors at all time points (2, 8,
24, 48 hours after exposure). Furthermore, less egg batches resulted in less feeding
larvae which lead to no formation of larval masses. Inside such larval masses heat is
produced which accelerates larval growth. For the post-mortem interval estimation
of indoor corpses it has to be taken into account that the corpse was infested with
a delay. Moreover, the growth of the larvae might have been slower as indicated by
literature values for the corresponding mean air temperature as the missing larval
mass formation decelerated the developmental rate.
As mentioned above, the method of choice for calculating a PMI is based on the
assumption of a linear relation between temperature and developmental rate. For
this thesis a new model was designed using the curvilinear development behavior of
blow fly larvae. To build the model, published data for the development of Lucilia
sericata were used. For each developmental stage an individual exponential function
was fitted and for the PMI determination an ambient time-temperature profile is
followed backwards using in each step the appropriate function. To validate the
model, two blow fly species (Lucilia sericata and Calliphora vicina) originating
from Bonn were bred to monitor their development under different constant and
fluctuating temperatures. These data were implemented in the new model. To test
the applicability of the new method, 3 piglets were exposed in the open with larvae
of Calliphora vicina developing under different temperature regimes and collected
at different stages of their development. Larval age was calculated using the new
method as well as existing methods and the results were compared. The new model
yielded the best results except for one trial when the temperature was constantly
below 10◦C. As no developmental data was collected for such low temperatures,
the model extrapolated the values for the calculation which lead to results not as
accurate as for the other trials. However, the model appeared to be a reasonable
alternative to the other methods and has one big advantage: it can include possible
sources of error and calculates a standard deviation. No other method used for
PMI estimation in forensic entomology was designed to produce a value judging the
goodness of the results. The possible sources of error are the progress of the larval
stage and the precision of the implemented temperature regime.
In this thesis, several real cases were evaluated and the PMI was calculated. It
was shown that in some indoor scenarios, PMI estimation reveals better results when
the calculation is based on developmental data of Phoridae (Diptera), when they
are present on the corpse. They are much smaller and can gain access even to sealed
environments. Furthermore, they are also active during winter time in contrast to
most blow fly species. Moreover, two cases of corpses disposed in a compost bin
were evaluated.
At last, most important in working with entomological evidence is the correct
identification of the collected specimens. The standard method is identification
based on morphological features of the animals. Nevertheless, it is possible to iden-
tify arthropods analyzing a small fragment of the mitochondrial DNA (mtDNA)
COI gene. The method was validated for blow flies originating from other parts
of the world but never for Germany. In this thesis it was shown that the primers
published for the usage of this method are applicable for blow flies originating from
Germany and that it is not possible by reference to the analyzed fragment to decide
where the specimen originated from.
Keywords: Forensic Entomology, Estimation of ost-mortem interval, Blow fly,
mtDNA, COI, Growth model, Curvilinear model, Arthropods, Corpse, Enclosed
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1.1 Forensic science - a survey
Forensic science is no subject included in any german university curriculum. Nonethe-
less, it is applied in every homicide investigation in the country - not only by the
police men but mainly by scientists using methods from natural sciences. Among
them, biologists analyzing DNA material from crime scenes or toxicologists exam-
ining drug samples. To analyze complex blood spatter patterns, geometrical and
mathematical laws are applied. The used methods were not established to investi-
gate crime cases in the first place but were rather adapted to use them as such.
Every crime case is an individual case. This is one of the most important flaws
but also challenges in real crime cases: repetition is possible only rarely and double-
blinded studies are impossible. However, methods and experimental designs origi-
nating from natural sciences can very well be repeated and tested double-blinded.
In court, objective evidence is much more significant than witness statements as in
most cases reliabilities of experimental results can be calculated. In general, forensic
science uses the natural sciences to be applied in investigating crime cases. This is
also a fact for the field of entomology. As a university subject classic entomology
was gradually replaced by modern molecular aspects as DNA barcoding (Hajibabaei
et al., 2007).
However, for forensic investigations entomological knowledge can be of value as
the identification and assignment of arthropods found in relation with crime scenes
and corpses can help gaining information for instance on a minimum post-mortem
interval (PMI) (Catts and Goff, 1992). The necessary data has been produced in the
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Figure 1.1: Titlepage: Lowne (1890) The anatomy, physiology, morphology and
development of the blow-fly.
last decades by scientists not knowing that their results will become helpful in crime
scene investigations. Their research was directed towards a general understanding
of physiology, ecology, behavior and development of arthropods (Fig. 1.1) (Beattie,
1928; Feist, 1926; Janisch, 1928, 1931; Lowne, 1890; Mellanby, 1938; Smirnov and
Zhelochovtsev, 1927; Weinland, 1906).
In the field of forensic entomology the exact opposite happens to what is known
from molecular sciences: old knowledge has to be reactivated, as it is still valuable,
to avoid wasting time by duplicating research. On the one hand, several old publi-
cations can be found and information can be gained, on the other hand a lot of new
research is additionally necessary to get forensic entomology started. It is important
to transfer the knowledge based on experiments with animal carcasses (Lane, 1975;
4
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Putmann, 1977; Steinborn, 1981) to real cases with human bodies and to work on the
reliability of statements based on insect evidence that are used in court eventually.
A lot of effort has to be put in statistical analysis and also in research about local
insect fauna. In Germany, the first case in court involving and partially basing a
verdict on insect evidence was the case of Klaus Geyer in 1997 (Benecke and Seifert,
1999). K. Geyer was convicted after a combined analysis of the maggots collected
from the corpse of his murdered wife to estimate the post-mortem interval as a time
point where the accused had no alibi and a person-location match due to a specimen
of an ant adhering to his rubber boots. This particular species could only originate
from a nest nearby where the corpse was found. Since then, only a few scientists
tried to establish the field of forensic entomology in Germany either in institutes for
forensic medicine or as freelancers. However, forensic entomology is far from being
implemented in the system as a frequently requested method. Nevertheless, a lot of
interesting research needs to be done to improve the field not only in Germany but
worldwide. Especially, the reliabilities of forensic entomological methods have to be
determined to strengthen the status of the field in court. In a case from 1965 from
England, the medico-legal doctor determined a PMI based on insect evidence but
three different witnesses saw the dead person after the supposedly time of death.
The court believed the medico-legal doctor and convicted the accused for murder.
The medico-legal doctor stated afterwards, that this trial was pretty satisfying to
him and as he was well known for estimating PMIs, it would have been a public
disgrace for him, if he had been wrong (Simpson, 1986). This case was reviewed
by Henssge and Madea (1988) in an article on subjective and objective problems
in estimating time since death. These authors stated that quality control for the
correctness of an expert witness statement can not be the success of a trial. Con-
sequently, the methods an expert witness statement is based on must be validated
and reliable.
1.2 Forensic entomology 25 years ago and today -
any improvements?
Historical events in forensic entomology reaching back to the 13th century have been
described extensively in several studies, publications and reviews and will not be re-
peated here (Amendt et al., 2000, 2004; Benecke, 2001, 2005, 2008). To cover recent
5
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historical events in the establishment of forensic entomology as a specific field, a re-
view from 1985 written by Keh is used as starting point for the retrospective (Keh,
1985). In general, after the review of Keh about 500 publications related to the term
"forensic entomology" were published until today (authors bibliography, in PubMed
about 260 are listed: http://www.ncbi.nlm.nih.gov). In comparison, searching the
term "diabetes/insulin" which is a highly relevant search term for health- and aging
research, reveals about 500 papers published alone between October and Novem-
ber 2009 (http://www.ncbi.nlm.nih.gov). This shows how small the research field
forensic entomology is in comparison.
Keh states that "the term "forensic entomology," though not strictly defined, is
generally applied to the study of insects and other arthropods associated with cer-
tain suspected criminal events, for the purpose of uncovering information useful to
an investigation." This description is accurate. Keh reports that forensic entomol-
ogy was introduced as a corrobation to methods used by forensic pathologists for
approximating the time of recent death, as their methods such as body temperature,
livores, rigor mortis and stages of decomposition are limited in their power.
He claims that for most experiments animal carcasses are used and that results
might have to be adapted to real cases. This is a fact till today: apart from ex-
periments at the University of Tennessee Anthropological Research Facility where
human corpses are exposed to decompose the usual way is to use animal carcasses.
On the so called body farm insect succession is not the primary aim of investigation
but guest researchers are sometimes accepted (Schoenly et al., 2007; Shahid et al.,
2003).
Keh addresses the fact that "insects are often reared in laboratories under con-
stant temperature and humidity to determine time required for their development,
but in nature fluctuating temperatures, which may hasten, retard, or have no effect
on speed of development, are more often encountered". In 2006, Donovan et al.
published their work about larval growth rates of C. vicina over a range of tempera-
tures (Donovan et al., 2006), using constant temperatures. They discussed different
studies from other authors and presented their data concerning fluctuating tempera-
tures. Eventually, they concluded that fluctuating temperatures can affect growth in
one way or another. However, no solution was presented how to handle the problem.
Till now, the biggest problem in applying growth data in actual crime cases results
from the fact that not enough data exists. For species originating from Germany
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no data exists at all, let alone data produced under fluctuating temperatures even
from other countries.
Furthermore, Keh mentions the aspect of larval aggregations and the following
heating up in such masses, that may influence the growth of the larvae, as they de-
velop poikilothermically. The most recent work addressing larval masses on carcass
is published by Slone and Gruner in 2007. They correlated the internal temperature
of a mass to its volume and compared it with the ambient temperature. They showed
that the larger the volume, the higher the internal temperature up to temperatures
lethal for the larvae. Whereas larvae from the center of large masses move to the
cooler periphery and also evaporative cooling of the wet larvae would occur, there-
fore the average temperature experienced by a larva would be less than the hottest
temperatures in the aggregations. However, they did not show in what way their
results would improve the existing methods to estimate a post-mortem interval.
Finally, Keh wrote "bodies are found indoors as well as outdoors, in various types
of containers, wrapped in a variety of materials, etc."..."since critical elements are
either unexplored or unreported". Apart from some experiments comparing animal
carcass exposed in a vehicle with carcass exposed outdoors (Voss et al., 2008) this
thesis addresses the experimental question of indoor insect colonization of carcass
for the first time (Reibe and Madea, 2010). The first experiments comparing rotten
meat lying open to meat covered with gauze were performed by Frencesco Redi in
1668. He wanted to prove that maggots can not be generated in the rotten meat
spontaneously, so he observed rotten meat placed in jars either open or covered.
The meat in the covered jars was not infested with maggots in contrast to the meat
in the open jars (Redi, 1674).
In 1992 a second review on forensic entomology was published (Catts and Goff,
1992). At that time, two books dealt specifically with forensic entomology (Haskell
and Catts, 1990; Smith, 1986). The book published by Smith is till today one of
the most important books on the topic including an identification key to several
arthropod families associated with carcass. Catts states that several case reports
were published since 1985, showing the applicability of the field. Especially the
work of P. Nuorteva and M. Leclercq brought progress in Europe by combining
entomology with medico-legal cases (Leclercq, 1983, 1988a,b,c; Leclercq and Brahy,
1990; Leclercq et al., 1991; Nuorteva, 1965; Nuorteva et al., 1974).
Furthermore, a basic principle of PMI estimation is mentioned by Catts: summing
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of heat values as accumulated degree hours (ADH). In that context he stresses that
"the need for very careful experimental design and data recording in establishing
baseline data on fly development cannot be overemphasized. Eventually computer
modeling of maggot development may refine the accuracy of estimating maggot age".
Today, these statements are as relevant as 18 years ago. Catts also reports that since
1985 more experiments e.g. on succession data have been performed to understand
the behavior of certain arthropod families towards different decomposition stages.
Nevertheless, they are only of value when intraspecific variations or microclimatic
differences are considered to assure a comparability for other cases.
Catts mentions that "recently, attention has focused on the age determination
of puparia, as Greenberg points out that as much as 40% of the blow fly life span
is spent as puparium." This problem is still unsolved. A study group from Frank-
furt/Main addresses the problem by applying molecular methods such as fishing
for developmental genes that are switched on or off during pupal stage (Boehme
et al., 2009). In general, molecular approaches such as species identification are
of growing interest in the field. Catts reports "recent advances that allow DNA
probe identification of insects or their isolated body fragments, either fresh or dried,
might be applicable to discriminating among species of maggots where morpholog-
ical distinctions are lacking". This prediction became true. Several publications
deal with molecular species identification mostly of blow flies originating from all
over the world (Benecke, 1998; Chen et al., 2004; Desmyter and Gosselin, 2009; Har-
vey et al., 2008, 2003; Malgorn and Coquoz, 1999; Sperling et al., 1994; Wells and
Stevens, 2008). However, prior to this thesis no results were published concerning
molecular species identification of german blow flies.
To sum up, although some ground was covered in the field of forensic entomology
in the last 25 years, a lot of work still needs to be done. Moreover, even if the field
is considered to be global, more scientists in each geographical region should work
on producing region-specific data that can be used in criminal investigations.
1.2.1 Trends in forensic entomology
A lot of research has to be done in the establishment of growth data, certain be-
havioral aspects of the corpse-associated arthropods and practical aspects of PMI
estimation. Nevertheless, judging from recent publications the trends point to the
extension of the field towards other methods and arthropods. A new aspect is the
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investigation of mites associated with carcass (Perotti and Braig, 2009). Also a new
field of investigation is the analysis of the smell related to certain stages of decay
and which components act as attractants for the arthropods (Dekeirsschieter et al.,
2009; Kalinová et al., 2009). Furthermore, the repelling effect of some household
products on fly attraction to cadavers is of interest (Charabidze et al., 2009). An
improvement of PMI estimation should be made by analyzing hydrocarbons from
the cuticle of different stages of blow flies (Moore, 2009; Roux et al., 2008). At
last, other methods of identification are tested in extension to the common molec-
ular methods as analysis of the COI region: antigen-based rapid diagnostic test
(McDonagh et al., 2009).
1.3 Basics of forensic entomology
1.3.1 Succession
All decaying organic material, including corpses, is a natural habitat for several
arthropods. They use it as nourishment, breeding site, mating or hiding place. As
the material decomposes, it undergoes a series of changes offering different species
exactly what they are specialised on. Several succession studies were carried out in
several different countries (Anderson and VanLaerhoven, 1996; Archer, 2003; Archer
and Elgar, 2003; Arnaldos et al., 2001; Bharti and Singh, 2003; Eberhardt and Elliot,
2008; Grassberger and Frank, 2004; Watson and Carlton, 2005) to understand the
order in which species response to the different stages of decomposition and to further
correlate species and decomposition stage to estimate a post-mortem interval in real
cases (Goff, 1993). For the studies, animal carcasses were exposed to monitor the
different stages of decay and to sample the corresponding arthropods. Nevertheless,
all series have to be regarded as individual as the habitat and the microclimate can
have serious effects on the insect fauna.
Figure 1.2 shows exemplarily different stages of decay of human corpses. All of
the corpses were autopsied in the Institute of Forensic Medicine, Bonn, Germany: 1.
fresh (a few hours after death), 2. active decay (2 weeks after death), 3. advanced
decay (3 weeks after death), 4. advanced decay (2 months after death). 5. dry
or skeletonized (2 years after death). All corpses have been found outdoors but
under different microclimatic influences, however, the general progress of decay can
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Figure 1.2: Visitation of several interacting insect groups in different stages of de-
composition. More explanation in the text.
10
1. Introduction
be followed. In figure 1.2, specimens of the visiting species are grouped beneath the
stage of decomposition in which they were observed.
Among the earliest visitors of a corpse are the blow flies (Dipera: Calliphoridae)
(A). They deposit their eggs in areas where the hatching first instar larvae can
feed (Norris, 1965). Another early visitor is Alysia manducator (Hymenoptera:
Braconidae) (B). It is attracted to the odor of decaying meat and parasites the larvae
of blow flies (Matthews, 1974). The latter feed on the decomposing tissue which is
softened and cracked down by the activity of bacteria. A predator of the feeding
larvae is Creophilus maxilosus (Coleoptera: Staphilinidae) (D) (Greene, 1996). The
next developmental step for the blow fly larvae is the pupariation; in the pupal
stage (E) the metamorphosis form larvae to adult blow fly takes place (Denlinger,
1994). A common parasitoid of the puparium is Nasonia vitripennis (Hymenoptera:
Pteromalidae) (F) (Fabritius and Klunker, 1991). After parasitation, one puparium
can be nutrition site for hundreds of new specimens of Nasonia vitripennis, as the
wasps are very small (see size comparison in Fig. 1.2 F). In an advanced stage
of decay, Piophilidae (Diptera) are attracted to the corpse (G). Their larvae (H)
have the ability to jump, as a defensive mechanism against their predators Necrobia
rufipes (Coleoptera: Cleridae) (I). In general, the longer the decomposition proceeds
the more arthropod families arrive to benefit from the time-dependent habitat. Stage
4 also attracted several species from the family of Staphilinids (K). They all prey
on dipterous larvae. Another beetle is frequently found in later stages of decay:
Nicrodes littoralis (Coleoptera: Silphidae) (L). Its larvae can be found on cadavers
a few weeks after death (Matuszewski et al., 2008). Addtionally, other dipteran
families can be observed e.g. Muscidae. In stage 4, pupae of Fannia manicata
(Diptera: Fanniidae) were found (J). The larvae also feed on decaying material.
The last species shown in Figure 1.2 is Necrophorus vespilloides (Coleoptera:
Silphidae) (M). The picture was taken during an experiment exposing small piglet
carcasses. The beetle is associated with carcass but is known for burying small
vertebrate carcasses and preparing them as food for their young (Kalinová et al.,
2009; Scott, 1998). Therefore, they are mostly observed in succession experiments
with small animal carcasses. Human cadavers are too big, so that N. vespilloides has
not been reported in real forensic cases. This is one of the problems when succession
studies are carried out with small animal carcasses, it is only partially representative.
Also, Lucilia ampullacae was frequently caught on piglet carcasses exposed in Bonn
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Figure 1.3: Blow flies on carcass: A Extended proboscis of blow fly. B Extended
ovipositor of blow fly.
but never in a real case. Furthermore, succession studies are conducted in several
different places all around the planet which makes it difficult to compare them and to
use them in other parts. To understand the local fauna it is strongly recommended
to conduct such experiments and to compare the results to the insects actually found
on corpses investigated in the local institute for forensic medicine.
Another crucial point is monitoring species that occur rather in indoor loca-
tions. Specimens of Megaselia scalaris (Diptera: Phoridae) are most often found
on corpses lying indoors, as they are very small and can enter even enclosed en-
vironments (Manlove and Disney, 2008). Also Fannia cannicularis is often found
indoors, its trivial name is little housefly. Fannia scalaris occurs indoors whenever
the circumstances are primitive and neglected and as it is associated with lavatories
and cesspits, it is also called latrine fly (Benecke and Lessig, 2001).
To sum up, succession studies can be a useful tool to classify species in their
relation to certain decomposition stages although no clear cuts can be made from
one stage to another. Moreover, every succession study is highly dependent on the
habitat and microclimate. Nevertheless, it is important to know the local fauna to
be able to judge the entomological findings in each individual case.
1.3.2 Blow flies and their behavior towards carcass
Blow flies (Calliphoridae) are attracted to carcass as decomposing material is a
protein source for themselves as well as breeding site for their progeny (Lane, 1975;
Putmann, 1977; Smith and Wall, 1997). If a freshly dead piglet is exposed in the
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Figure 1.4: Blow flies forming aggregations on carcass to oviposit.
open field the first blow flies arrive within minutes. Two different behaviors of blow
flies can be observed: extending their proboscis to absorb liquid (Fig. 1.3 A) or
extending their ovipositor at distinct regions to find a proper place to oviposit (Fig.
1.3 B). If the pregnant blow fly found a suitable place it deposits their eggs in a
clutch. After a few hours it can be observed that blow flies prefer spots where
eggs have already been deposited to oviposit as well so that big egg aggregations are
formed (Browne et al., 1969). Also it seems that blow flies accumulate at convenient
spots on the carcass (Fig. 1.4); accumulated flies act as an attractant for other flies
(Norris, 1965). In general, blow flies try to find oviposition sites that offer the best
conditions for their progeny. As the hatching first instar larvae can only feed on
moist tissue, the blow flies choose the body‘s natural orifices or wounds to oviposit.
To improve PMI determination using developmental data of blow fly larvae (see
1.5) it is important to estimate the time of oviposition correctly. At nighttime blow
flies under most circumstances will not be active to find carcass and to oviposit
(Amendt et al., 2008; Greenberg, 1990; Singh and Bharti, 2001; Wooldridge et al.,
2007). Furthermore, if a corpse is stored in an enclosed environment, the blow flies
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will reach it with a delay of 24 hours when a window is tilted or even later when
windows and doors are closed (Reibe and Madea, 2010; Reibe et al., 2008).
There have been approaches to characterize preferences of the different blow fly
species toward ecological circumstances such as photoperiod and temperature (Vino-
gradova and Kaufman, 1995), sun or shade (Joy et al., 2006; Sharanowski et al., 2008;
Shean et al., 1993) and habitat (Grassberger and Frank, 2004). By using meat traps
in different habitats and monitoring the captured species their ecological preferences
were described (Nuorteva, 1967; Steinborn, 1976; Steiner, 1948). Nevertheless, the
results can only be used with caution as they can vary in each geographical region.
Furthermore, the larvae of the different species can also exhibit distinct behavior.
The larvae of Protophormia terraenovae for example pupate on the surface of the
feeding substrate (Grassberger and Reiter, 2002) whereas other species leave the
feeding substrate and bury themselves in the ground or hide to pupate. All blow fly
larvae are typically photonegative and will avoid light by crawling away.
1.3.3 Identification of insects
Most important in forensic case work involving entomological evidence is the iden-
tification of the insect species collected in association with the corpse or the sur-
roundings. Identification is the foundation of all further insect based estimations.
One quick and easy way is the morphological identification using appropriate iden-
tification keys. The standard reference for the identification of blow flies is the book
Blowflies (Diptera, Calliphoridae) of Fennoscandia and Denmark by K. Rognes from
1991. Another standard reference is A Manual of Forensic Entomology by K.G.V.
Smith, it includes an identification key for adults and larvae associated with car-
rion. The only equipment necessary for morphological species determination is a
dissecting microscope with a proper light source.
However, it may be impossible to identify an insect by means of its morphology
e.g. due to damage, then it might be possible to use molecular identification tools.
To ensure correct species identification, established molecular methods were trans-
ferred to the forensic field (Benecke, 1998; Sperling et al., 1994; Stevens and Wall,
1996, 1997; Wallman and Adams, 1997). Analysis of mitochondrial DNA (mtDNA)
and particulary of the cytochrome oxidase I gene (COI) appears to be a useful tool
in species identification among the subfamilies of Calliphoridae (Harvey et al., 2008,
2003; Wallman et al., 2005; Wells and Williams, 2005; Wells et al., 2007). Although
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the method is reliable, no species originating from Germany were tested and their
sequences compared to those from other countries. The method was tested for Ger-
man blow flies for the first time during this thesis (Reibe et al., 2009).
1.4 Physiology of larval development
1.4.1 Temperature
Insects are poikilothermic organisms. Their body temperature changes with ambient
temperature. The metabolic rate of poikilotherm animals shows the same tempera-
ture dependency as the reaction kinetics in a biochemical system: the rate of a chem-
ical reaction is increased twofold for each rise of 10 ◦C in temperature (van‘t Hoff‘s
reaction-rate-temperature rule) (Wehner and Gehring, 1995). For insect develop-
ment a relationship between ambient temperature and duration of developmental
processes is long known. There is a temperature zone where the development rate
is optimal, furthermore, temperature thresholds exist below or above that optimum
where no development will take place. During the last century a lof of effort has
been made to describe larval growth correctly and to find a function representing
the temperature dependent growth rate best (Janisch, 1928). Several empirical and
physiochemical formulations of development were proposed and two were discussed
in particular by Sharpe and De Michele in 1977 to present the reaction kinetics
of poikilotherm development: the day-degree or temperature summation rule and
the non-linear temperature inhibition model (Sharpe and DeMichele, 1977). The
day-degree summation rule assumes that the rate of development is proportional to
temperature:
k = b(T − T0) (1.1)
where k is the rate of development, b is a constant, T the ambient temperature
and T0 is a species-specific value, the so called development zero, which is the x-
intercept, i.e., an extrapolation of the linear approximation of the reciprocal of time
for development. Figure 1.5 shows the developmental times for the egg stage of D.
melanogaster (white circles): the higher the temperature the shorter the develop-
mental time in hours. Also shown is the developmental rate [1/dev time], a S-shaped
curve, as well as the approximately linear region of the developmental curve where
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Figure 1.5: Duration in hours of the egg development of D. melanogaster for different
temperatures and the corresponding developmental rate [1/dev time], adapted from
Hoffmann (1995).
the day-degree concept is valid. In this concept T0 is determined by prolonging the
linear portion of the curve till it crosses the x-axis (for example in Fig. 1.5 about
12 ◦C ). Sharpe and DeMichele state that a) T0 calculated like this is not the true
threshold for development, it has to be determined experimentally and b) severe er-
rors in predicted development rates occur at the temperature extremes. The second
model (non-linear temperature inhibition model) describes the inhibiting effect of
either high or low temperatures on organism development. Sharpe and DeMichele
propose a model which results in a linear response in mid-temperatures coupled with
non-linear temperature inihibition at both high and low temperatures.
Sharpe and DeMichele developed a kinetic model that is based on the assumption
that development is regulated by a single control enzyme whose reaction rate de-
termines the developmental rate of the organism. Furthermore, they state that the
control enzyme can exist in two temperature dependent inactivation states as well as
in one active state. The first step in their model is the calculation of the probability
that the control enzyme is in an active state. The only variable in this calculation is
T, the absolute temperature. The development rate itself is described in terms of the
control enzyme-substrate reaction. The final equation of Sharpe and DeMichele is
rather complex and implies the knowledge of several constants reflecting the individ-
ual thermodynamic characteristics of the organism‘s control enzyme system which
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is assumed to control development. In this model, temperature has two dominant
effects upon enzymatic activity. The first is a result of a change in the distribution
of molecular free energy with temperature, the so called rate reaction. The second
relates to changes in enzyme activity. As the binding forces of the bonds which
determine the enzyme structure and hence its activity are only somewhat greater
than the thermal energies present in the environment, they are continuously being
reversibly broken and reformed. Thus, the enzymatic activity resulting from these
reversible transitions will show a critical temperature dependence (Sharpe and Hu,
1980).
This model was the first attempt to describe the reaction kinetics of temperature
dependent development of poikilotherm organism including the non-linear parts of
the development curve. As described above, the day-degree summation model has
several disadvantages for the calculation of development rates, nevertheless, it is the
model of choice when it comes to the calculation of larval age in forensic entomology
as it is easy to use (see 1.5).
For calculating development rates it is also of importance whether experimental
data was produced under constant or fluctuating temperatures. Studies of the effect
of fluctuating temperatures on insect development often show that, given the same
mean temperature, insects appear to develop at different rates in fluctuating condi-
tions than they do at constant temperatures (Worner, 1992). Unfortunately, some
studies show that development is accelerated under fluctuating temperatures, others
claim it is decelerated. The differences between development predicted by nonlinear
models under constant and variable temperatures for the same mean temperature
was first described by Kaufmann (Kaufmann, 1932) and is called the Kaufmann
effect or the rate summation effect: development will be faster at low temperatures
and slower at high temperatures when comparing the development times measured
under a constant temperature Tα to those measured at varying temperatures with
a corresponding mean temperature equal to Tα (Tangioshi et al., 1976).
1.4.2 Nutrition
Growth and development of insect larvae is not only dependent on temperature.
Numerous studies with poikilotherms indicate that an increase in nutrient qual-
ity increases the rate of development (Beck, 1950; Hobson, 1932; Kaneshrajah and
Turner, 2004; Nijhout, 2008; Weissmann and Podmanická, 1970). The observed data
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indicate that the developmental rate is increased in proportion to the protein content
of the diet. Sharpe and Hu (1980) analyze experimental data of the development of
Anthonomus grandis. The larvae were reared on two different natural diets, one with
a high amount of carbohydrates, the other with a high amount of proteins. They
define growth as increase of biomass and development as the time between growth
events or the duration of growth stages (Sharpe and Hu, 1980). Their results show
that growth rate is highest on the high carbohydrate diet and developmental rate
is fastest on the high protein diet. Sharpe and Hu propose an inverse relationship
between rate of biomass increase and rate of development and state that protein
content of the diet appears to be the primary driving force for development while
carbohydrates appear to be the driving force for biomass increase.
Blow fly larvae mostly feed on a protein rich diet. However, in a study from
Kaneshrajah and Turner (2004) it was concluded that the substrate the larvae were
feeding on seems to matter when considering the rate of blow fly development. They
determined the length of the larvae feeding on brain, heart, kidney, liver and lung at
certain larval ages and showed that larvae feeding on lung tissue were nearly twice
as long as larvae of the same age feeding on liver (Kaneshrajah and Turner, 2004).
1.4.3 Hormones
After hatching from the eggs, the developing blow fly maggots pass through 3 lar-
val stages before they leave the nutrition site to enter the post-feeding stage and
searching a proper space to hide and enter the last developmental stage: the pupal
stage. In the pupal case the metamorphosis from larvae to adult fly takes place.
During the feeding phases the larvae gain weight and size. As the cuticula can
only stretch within limits and therefore allow growth only to a certain extent, for
each new larval stage a moult is performed to replace the old cuticula with a new
one. All changes during development are regulated by hormones. Shortly before the
moult the ecdysone titer increases after a signaling of prothoracicotropic hormone
(PTTH). PTTH is released by the corpora allata and directs the precise timing of
the molt since its release is governed by both intrinsic factors such as size and ex-
trinsic factors, such as photoperiod and temperature (Riddiford et al., 2003). The
PTTH signaling leads to a release of ecdysone, the precursor of 20-hydroxyecdysone
which induces the moult. As long as the juvenile hormone does not fall below a
critical concentration the moult will lead to the next larval stage. If, however, the
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concentration of juvenile hormone is below a critical value, the next developmental
step is pupariation and the initiation of metamorphosis. Once a larvae has reached
a critical size and is committed to metamorphosis by a brief pulse of ecdysteroid
release, it continues to feed. However, if such larvae were removed from the food
source they would pupate and develop normally. Nevertheless, the resulting adult
blow flies were significantly smaller in size but could still mate and reproduce. At
the end of the feeding period the larvae leave the food and, if presented additional
food, reject it. For some fly species the onset of wandering has a circadian basis.
This is yet to be determined for most of the carcass associated blow flies. During
the wandering phase larvae select the pupation site. As mentioned above, larvae
characteristically display a strong photonegative response and usually burrow into
the preferably dry substrate. A wet pupation site results in high mortality for many
fly species. During the wandering period, food in the gut continues to be digested.
Excess food is purged from the crop and replaced with a gas bubble (Fig. 1.6). Sev-
eral environmental stimuli can influence the wandering period till a suitable place is
found to start pupation. Shortly before pupation the larva shortens and resembles
the shape of the later puparium but when disturbed it stretches again and seeks to
avoid the interference. After final retraction of the anterior and posterior segments,
the cuticle transforms into a hard puparial case and darkens gradually (Denlinger,
1994). Tanning is also controlled by 20-hydroxyecdysone as well as Bursicon. The
onset of the pupation phase is controlled by a drop in the ecdysteroid titer. After
it has dropped, the fly responds to the next ecdysteroid peak by initiating adult
development. After the latter is completed, a well-defined circadian rhythm as well
as the regulation by eclosion hormone determine the timing of eclosion.
1.4.4 Diapause
In addition to temperature the photoperiod is a crucial exogenous factor for the
development of insects. The behavior of blow fly larvae can be altered when they
are exposed to light conditions other than natural. Gomes et al. (2006) showed that
larvae of Chrysomya megacephala burried twice as deep in preparation of pupation
when exposed to 24 hours of light compared to the depth when exposed to a 12:12
light/dark cycle (Gomes et al., 2006).
Another important effect of the photoperiod on development is the induction
of diapause. Diapause in blow flies was most studied for C. vicina. As it is a
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Figure 1.6: Post-feeding larvae: gas bubble replacing filled crop (arrow)
species adapted to cooler temperatures and therefore appearing on corpses in colder
month like November or even December (Wetzel et al., 2009), it is very important to
consider diapausing larvae in such month. The larvae of C. vicina enter a photoperi-
odically regulated diapause as a post-feeding larvae just before pupation (Saunders
et al., 1986). The competence of the larvae to enter diapause is maternally con-
trolled, the females themselves are influenced by the photoperiod they experienced
before egg deposition (Saunders, 1987). Adult females exposed to long days lay
eggs giving rise to larvae that develop to the next generation of flies without ar-
rest. Females exposed to autumnal short days at temperatures below 25 ◦C lay
eggs giving rise to larvae that enter diapuase in the post-feeding stage (Saunders,
1987). The maternal critical daylength separating diapause-inducing short days
from development-promoting long days is about 14.5 h of light per days (data for
Scotland) (Saunders, 1987). Diapause commitment among the progeny of short-day
females of C. vicina is also dependent on the temperature of the larval environment
(Saunders, 1997). Diapause is only fully expressed when the maternally induced di-
apause competent larvae are exposed to temperatures below 15 ◦C (Saunders et al.,
1986). If those larvae are exposed to higher temperatures during the post-feeding
phase they will develop without arrest.
Case report
On the 4th of April 2008 a male corpse was found in his apartement. Doors and
windows were closed, the heating was turned off. According to the police report
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Figure 1.7: A: Mummified corpse, B: post-feeding larvae on mummified skin.
the temperature was about 18 ◦C. The body was lying in his bed in a mummified
state of decomposition (Fig. 1.7 A) and hundreds of pupae of blow flies were on
and under the bed sheets. The autopsy was performed 5 days after recovery of the
corpse. During the autopsy adult blow flies hatching from the pupal cases could be
observed. Furthermore, wandering, post-feeding larvae were found on the dried out
corpse (Fig. 1.7 B). All specimens were determined as C. vicina (Rognes, 1991).
The person has last been seen in November 2007. It is assumed that adult blow
flies deposited their eggs in late November or beginning of December 2007. As the
photoperiod during that time was below 14.5 hours of light per day, it is likely that
the eggs were maternally equipped with diapause inducing factors. As the heating
was turned off, it is possible that the temperatures during december 2007 fell below
15 ◦C even inside the room. Therefore, it is very likely that the larvae feeding
on the corpse diapaused in their post-feeding stage. When in March 2008 the days
became longer and the temperature rose, the larvae finished their diapause, pupated
and completed their development about the time of recovery of the corpse. That
seems to be a possible explanation for discovering a mummified corpse which does
not provide a nutrition site for larvae with post-feeding larvae and freshly hatching
adult blow flies.
1.5 Estimation of post-mortem interval (PMI)
The term "post-mortem interval" can be misleading when using it in combination
with forensic entomology. With the help of the age of insect larvae feeding on
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a corpse it can be calculated how long the corpse has been infested with insects.
However, a person can already be infested when he is still alive, e.g. a neglected
person with severe wounds on a smoker‘s leg (Benecke et al., 2004) or as reported
from soldiers in the first world-war, wounds that would have led to amputation when
the blow fly larvae had not fed the necrotic tissue to clean the wounds (Büchner,
1965). In contrast, a person can long be dead and the larval age can still be a few
days, when the corpse has been stored in a place with no access for the insects and
has been put outside just a few days prior to the finding. Therefore, one must take
into account every aspect before giving a statement about a post-mortem interval.
In the latter case, if the insect evidence does not fit to the decomposition stage of
the corpse, the police can use that piece of information and can additionally use
the information about how long the corpse has been available for insects. However,
from the insect evidence no information can be actually given about the PMI in
that case. One has to be aware of the possible sources of error.
In 1.3.1 it was already pointed out that a PMI estimation can be done by relating
certain species to decomposition stages in a timely manner and therefore getting a
rough idea about the colonization time. Another method is to calculate the age of
e.g. blow fly larvae feeding on the corpse and thereby giving a minimum time interval
the person has been dead. This is only possible if the calculation is done for larvae
of the first colonization wave. If the life cycle of the first larvae has already been
completed and the adult flies started a new infestation of the corpse, it is only safe to
calculate the time of the first completed life cycle. The basis of the calculation of the
larval age is their temperature dependent development (see 4.2). At the same time
this means that the temperature regime of the time and place of larval development
has to be known. One method to approximate the temperature is to record the
temperature at the desired place for a few days and compare them to data recorded
at the nearest weather station. A regression analysis is applied to both data sets to
get a formula that can then transform the data from the weather station covering
the desired time frame into the temperature values that most likely influenced the
developing larvae. The second requirement for the calculation of larval age beneath
the temperature is the correct identification of the species (see 1.3.3) and the third
is the determination of the developmental progress. That means determination of
either the stage (see 1.4.3) or the length of the maggots is required, depending on
the reference data set and the method that is to be used for the further calculation.
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Figure 1.8: A: isomegalen Diagram and B: isomorphen Diagram for L.sericata from
Grassberger and Reiter 2001.
In forensic case work, two different methods are frequently used to calculate a
PMI. The first uses isomegalen or isomorphen diagrams, by which the lengths or
the developmental stage of the larvae are combined as a function of time and mean
ambient temperature in a single diagram (Grassberger and Reiter, 2001). According
to its originators, this method is optimal only if the body and therefore the larvae
were not undergoing fluctuating temperatures, e.g. in an enclosed environment
where the temperature was nearly constant.
The second method of calculating a PMI estimates the Accumulated Degree Days
or Hours (ADD or ADH). ADH values represent a certain number of "energy hours"
that are necessary for the development of insect larvae. The degree-day or -hour
concept assumes that the developmental rate is proportional to the temperature
within a certain species-specific temperature range (overview in (Higley and Haskell,
2009)). However, the relationship of temperature and development rate (reciprocal
of development time) is typically curvilinear at high and low temperatures and linear
only in between.
The formula for calculating ADH is given by
ADH = T · (Θ−Θ0) (1.2)
where T is the development time, Θ is the ambient temperature, and the min-
imum developmental threshold temperature Θ0 is a species-specific value, the so
called development zero, which is the x-intercept, i.e., an extrapolation of the linear
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approximation of the reciprocal of time for development. This value has no biologi-
cal meaning, it is the mathematical consequence of using a linear regression analysis
(Higley and Haskell, 2009).
One basic condition for using the ADH method is that the ADH value for com-
pleting a developmental stage stays constant within certain temperature thresholds.
For example a developmental duration for finishing a certain stage of 14 days at 25◦C
results in 238 ADD when a base temperature of 8◦C is assumed. A developmental
duration of 19 days at 21◦C results in 231 ADD, both ADD-values are in the same
range.
In general, the ADH method seems to give good results only when the larvae
of interest have been exposed to temperatures similar to those used in generating
the reference value applied in the PMI calculation (Anderson, 2001). Moreover,
the temperature range in which the development rate is actually linear is not wide
enough to cover all temperatures during a typical summer in Germany. Furthermore,
neither developmental durations nor base temperatures for development have been
calculated for species originating from Germany. The method must therefore be
applied with caution.
Furthermore, it is highly problematic that uncertainties for temperature mea-
surements from a crime scene cannot be taken into account in either model. It is
difficult to determine the actual temperature controlling the larvae at a real crime
scene. Since temperature is the variable that most influences development, it is
crucial to consider it as accurately as possible. The standard procedure is to use
temperatures of the nearest weather station for the desired time frame and correct
them by applying a regression starting from temperatures measured at the crime
scene, when taking the larvae as evidence (Archer, 2004a). The corrected values still
contain uncertainties that cannot be accounted for by the methods currently used
for PMI determination. No information exists for either model about the quality of
the method or the error intervals of the calculated PMIs.
In general, the biggest problem is the lack of data for the development of cer-
tain species and especially data from different countries, as there is a geographical
variation in thermal requirements for insect development (Honek, 1996).
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1.6 Aims and questions of the thesis
The main purpose of the thesis was to apply the theoretical principles of forensic
entomology to real forensic case work. Hence the choice of the Institute of Forensic
Medicine, Bonn as working place. Three areas of the field of forensic entomology
were picked to be improved by new experiments. Firstly, the ecological question of
how the location influences insect colonization (chapter 2 and 3) was investigated
on the basis of real cases. Experimentally the problem of how promptly blow flies
oviposit on fresh carcass exposed indoors compared to outdoors was examined. A
lot of corpses are found indoors and it was unreported if there is a delay in blow
fly infestation. Therefore, an experiment was designed to compare in indoor and
outdoor experiments the time interval between exposure of fresh piglet carcasses
and the first deposited egg batches. Furthermore, the quantity of the egg batches
was compared in both locations (chapter 4). Secondly, improved ways of insect
identification based on sequence data were never tested for blow flies originating from
Germany. Therefore, a published method using the COI-gene was tested for blow
flies originating from Bonn (chapter 5). Thirdly, the problems in PMI estimation
were tackled by designing a new model to calculate the PMI based on the actual
growth behavior of blow fly larvae (chapter 6). The model is based on published
data for the development of L. sericata from Austria and had to be validated with
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Dumping of corpses in trash barrels -
two forensic entomological case
reports
2.1 Abstract
Two cases from the Ruhr Area in Western Germany are presented. In each case
the deceased has been wrapped in plastic bags and placed inside a large garbage
bin that was stored in the backyard of their properties. In both cases the relatives
proclaimed a natural cause of death and the concealing of the deceased person
ensured the further payment of the pension fund. In the first case those responsible
stated a post-mortem interval of three years inside the bin, in the second case of
half a year. Despite the closed lid of the bin the insect infestation was extensive and
rich in species: empty pupal cases of several blow fly species were collected, as well
as Histeridae and pupal cases of Fannia scalaris in the first case. In the second case
Phoridae and larval skins of Dermestidae were additionally found.
2.2 Introduction
Two cases of a corpse placed in a organic waste collection bin by relatives are pre-
sented. In the first case the suspect stated a post-mortem interval of approximately
three years, half a year was stated for the second. The evaluation of the entomolog-
ical evidence was supposed to validate the statements of the relatives. Estimation
2. Dumping of corpses in trash barrels - two forensic entomological case
reports
of the post-mortem interval can be performed by calculating the age of the most
developed larvae collected on the corpse (Catts and Goff, 1992). Shortly after death,
blow flies (Calliphoridae) deposit their eggs on the corpse if the weather conditions
are good and accessibility to the corpse is given. Pristine conditions for blow fly
activity are an openly exposed corpse, no rain and temperatures about 25 ◦C (Nor-
ris, 1965). Is, however, the stimulus for oviposition exceedingly intense, the flies
gain access even to carcasses in housings, wrapped and stored. The hatching first
instar larvae develop temperature-dependent; between certain temperature thresh-
olds development follows the rule the higher the temperature the faster the growth
(Grassberger and Reiter, 2001). The larvae pass through three larval stages, feeding
and growing constantly. After completing the third laval stage the larvae transfer to
the post-feeding stage and leave the corpse to hide at a safe place and pupate (Reiter,
1984).Considering the developmental progress of collected larvae and the tempera-
ture they experienced during development at the place of discovery one can draw
conclusions about the larvae‘s age and therefore about the minimal post-mortem
interval (Goff et al., 1986). During a warm summer this method reveals reasonable
results for about one month post mortem. A corpse exposed for a couple of months
will be colonized successively by various species of flies and other arthropods in ad-
dition to the blow flies (Grassberger and Frank, 2004). The different species found
on a corpse can indicate a post-mortem interval due to their distinct preferences
concerning different stages of decomposition. Furthermore, some species can be an
indicator for the season a corpse has been exposed.
2.3 Casuistry
2.3.1 Place of discovery
Case 1 (3 years post mortem)
In January 2005 the corpse of an eighty-year-old man wrapped in plastic bags was
found inside a customary, 240 liters in volume, organic waste collection bin stationed
in the backyard of a semi-detached house (Fig. 2.1A). The resident, a geriatric nurse,
stated that she stored her father whom she had cared for until his death, inside the
organic waste collection bin three years ago to continuously receive his pension and
the money from the long-term care insurance. The corpse was discovered when the
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Figure 2.1: Trash barrels used to disguise the bodies. A: Bin from Case 1 (the
adhesive tape was attached while using the bin for a dead piglet). B: Bin from Case
2.
daughter could no longer avoid an overdue control visit regarding the care situation
and handed herself in. The garbage bin was positioned in the backyard behind
the attached garage and was surrounded by garbage and bulky waste. The general
condition of house and backyard was messy.
Case 2 (1/2 year post mortem)
In November 2006 a forty-five-year-old man handed himself in at a police station
in the Ruhr area and stated that he has stored the dead body of his eighty-five-
year-old father inside the organic waste collection bin he was carrying along (Fig.
2.1B). He reported the bin including the body has been standing in the backyard
since May 2006. Due to financial distress he had decided not to report the death but
instead continuously received the pension of his father. The corpse was wrapped in
plastic bags and stored inside the garbage bin standing in the backyard beside other
bins. The backyard as well as the entire house were neat and clean.
2.3.2 Entomological findings
Case 1 (3 years post mortem)
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Entomological evidence was collected from the corpse (Fig. 2.2 B) as well as out
of the bin. Empty pupal cases of scuttle flies (Diptera: Phoridae) and blow flies
(Diptera: Calliphoridae) were collected and identified. Furthermore, empty pupal
cases of Fannia scalaris (latrine fly) were collected as well as adult specimens of
hister beetles (Coleopera: Histridae).
Analysis:
As mentioned above, some blow fly species infest the corpse within a few hours
post mortem. The empty pupal cases indicate that the developmental cycle from
egg to eclosion of the adult blow flies has been completed. The required time frame
for completing development is temperature dependent and can be completed within
3 weeks in the summer months (Grassberger and Reiter, 2001; Reiter, 1984). Nev-
ertheless, Calliphoridae are not very active or present during winter time (Saunders
and Hayward, 1998). As the corpse was supposedly put in the bin in December,
blow flies won‘t have deposited egg packages until the next spring. Some species of
Phoridae though are active during winter time and measure only a few millimeters in
average, thus they are able to access a corpse even through tight openings (Disney,
2005). Both of these aspects, season and accessibility indicate an initial population
by Phoridae since as soon as a corpse is dominated by larvae of Calliphoridae, there
is almost no possibility for the much smaller Phoridae to also colonize the corpse.
The so called "latrine fly" Fannia scalaris is widely distributed through Central
Europe, its occurrence is often associated with faeces and urin (Benecke and Lessig,
2001). The optimal development of the larvae proceeds in half-liquid faeces (Smith,
1986). The whole garbage bin smelled like faeces even after the body was removed.
Apparently, Fannia scalaris also developed from egg to adult. Adults and larvae of
hister beetles nourish predaciously on the blow fly larvae and pupae (Smith, 1986).
They colonize a corpse right after the blow flies do, to devour their larvae. Every fly
species found on the corpse produced at least one generation of descendants. These
different successions indicate that the corpse had been stored in the bin for at least a
couple of months, nevertheless regarding the entomological evidence it is impossible
to state if the post-mortem interval has been a couple of years.
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Figure 2.2: A: Body after recovery from bin in Case 2. B: Body from Case 1 after
partialy performed autopsy
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Case 2 (1/2 year post mortem)
During autopsy, entomological evidence was collected from the corpse (Fig. 2.2
A) and the garbage bin. Empty pupal cases of Calliphorinae, Luciliinae and Pro-
tophormia terraenovae (all blowflies) were found. In addition, adult specimens as
well as pupal cases of Phoridae (scuttle flies), Fanniidae and more larval skins from
Dermestes lardarius (skin beetles) were collected as well. Adults of Necrophorus
humator (burying beetle) were fetched from the liquid on the floor of the bin.
Analysis:
The suspect stated that the corpse was put into the bin in May 2006. A con-
firmation for this statement from an entomological point of view is the finding of
empty pupal cases of Protophormia terraenovae in the bin. Among the family of
Calliphoridae this species is best adapted to cold (Grassberger and Frank, 2004).
Peak temperature values for May 2006 were between 12 - 16 ◦C . The probability
is high that the corpse was indeed stored in the bin in May and was infested pri-
mary by larvae of Protophormia terraenovae. Furthermore, the empty pupal cases
indicate a completion of development.
Finding larval skins of Dermestes lardarius confirmes that several month has
passed since storage of the corpse in the bin. Megnin reports an appearance of the
beetles 3-6 month post mortem, they feed on dry organic substances (Smith, 1986).
To sum up, the entomological findings in this case confirmed the statements of
the suspect.
2.4 Discussion
Both presented cases concerning the disposal of corpses in a compost bin and the
evaluation of collected entomological evidence show the advantages but also the
difficulties in estimating a post-mortem interval by means of forensic entomology.
During the analysis of the first case (3 years post mortem), the question arose how
fast insects attain access to a corpse inside a bin. An experiment was conducted
using the original garbage bin (Fig. 2.1 A) and exposing a dead piglet inside. The
bin was kept shut for 2 weeks constantly. In contrast to the original case, the piglet
was put in the bin in midsummer (July 2005) and not in December. Furthermore, no
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packing material as plastic bags was used. The temperatures during the two weeks
ranged between 20 and 25 ◦C. When opening the lid after two weeks, blow fly larvae
in their 3rd instar stage were observed on the piglet as well as adult specimens
of Nicrophorus humator in the liquid on the floor of the bin. The results of the
experiment show that blow flies as well as large beetles will gain access to the corpse
even in a closed bin probably by crawling through the venting slot which is simply
a slot between lid and bin not tightly sealed. In contrast to the presented cases no
adult or larval specimens of scuttle flies (Phoridae) were found. This is a major
indication for the longer exposure times in both cases. In the experiment it was also
shown that liquids from the corpse can not flow off from the bin. Thus, all liquid
is collected at the bottom of the bin and can act as a trap for beetles and larvae.
Furthermore, the liquid might promote formation of adipocere.
As both cases and the experiment show, insects will gain access to a corpse even
in apparently difficult accessible environments as a closed bin and despite additional
wrapping in plastic bags. Furthermore, despite the liquid on the bottom of the bin
not all specimens drowned but managed to finish completing their life cycle, as
shown by the emty pupal cases. Several specimens did not fall down when leaving
the food source to find a suitable place for pupation but crawled in between the
folded plastic layers and pupated there.
Interestingly, in both cases similar arthropod species were observed in the bins. A
longer post-mortem interval inside the bin did not attract much more species despite
the advanced stage of decay of the corpse. Therefore, it is not possible to estimate
a longer post-mortem interval based on a species-rich succession of the corpse after
several years.
To sum up, when a corpse is disposed inside a closed container as a compost
bin with the tiniest opening, insects will gain access and colonize the corpse despite
additional wrapping of the latter in plastic bags. Moreover, an estimation of the
exposure time of the corpse inside the bin is possible within the first year but not
after several years.
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Use of Megaselia scalaris (Diptera:
Phoridae) for post-mortem interval
estimation indoors
3.1 Abstract
In forensic entomology the determination of a minimum post-mortem interval often
relies on the determination of the age of blow flies, since they are generally among
the first colonizers of a corpse. In indoor cases the blow flies might be delayed in
arriving at the corpse. If the windows are closed, the attracting odour is confined
and does not reach the flies, so that it takes longer for them to find and access
the corpse. If blow flies are delayed or are unable to reach a corpse lying inside a
room, much smaller flies (Phoridae) can enter and deposit their offspring. Tthree
indoor case scenarios are presented in which age determination of Megaselia scalaris
gave much more accurate estimates of the minimum post-mortem interval than
from larvae of Calliphoridae. In all cases the estimated age of the blow fly larvae
was between 10 and 20 days too short compared to the actual PMI. Estimation
of the PMI using developmental times of Phoridae can be a good alternative to
the determination of blow fly larval age, since Phoridae are found inside apparently
enclosed environments (sealed plastic bags or rooms with closed doors and windows)
and also at temperatures at which blow flies are inactive.
3. Use of Megaselia scalaris (Diptera: Phoridae) for post-mortem
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Figure 3.1: Comparison of size of a blow fly (L. sericata)(shown above) and a phorid
fly (M. scalaris) (shown below).
3.2 Introduction
Blow flies (Calliphoridae) are usually among the first visitors to a carcass. They use
the carcass as nutrition for themselves or as a breeding site for their progeny (Norris,
1965). Determination of the age of the oldest blow fly larvae feeding on a corpse
usually gives a good estimate of PMImin. The earlier the blow flies arrive at the
corpse soon after death the more accurate the estimate gets. Corpses are often found
inside flats with closed windows, which causes a delay in blow fly infestation. In such
circumstances a calculation of PMImin might therefore lead to an underestimate of
the actual PMI.
Scuttle flies (Phoridae) are much smaller than blow flies (Fig. 3.1) and can reach
carcasses even inside closed plastic bags (Disney, 2008). Blow flies usually colonise
a corpse rapidly, and their larvae produce large feeding masses that deter Phoridae
from ovipositing in the same area. If Phoridae can reach the carcass first, however,
they will oviposit immediately. Also, Phoridae are small enough to penetrate flats
even when the windows are closed (Disney, 1994). Furthermore, they are active in
winter when the temperature is too low for blow flies to be active (Manlove and
Disney, 2008).
Three cases are presented in which age determination based on developmental
data for Megaselia scalaris (LOEW, 1866) gave values much closer to the missing
period of the deceased than values based on developmental data for blow fly larvae.
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3.2.1 Cases
All three cases were autopsied in the Instiute of Forensic Medicine in Bonn, Germany.
The insect evidence was collected, preserved and identified. The insects were iden-
tified from morphological features, using identification keys (Disney, 1989; Rognes,
1991). Specimens belonging to the Phoridae family were also checked by another
entomologist (Hans-Georg Rudzinski, Entomos), to ensure correct identification.
Case 1
Finding situation
A woman was found dead in her apartment in January 2009. She had not been
seen for 40 days. She was lying on a mattress on the floor. The window in the room
was closed and the shutters were down. All other windows and shutters in the rest
of the flat were closed, apart from a tiny window in the bathroom. Next to her
several pills were found. She was clothed in a T-shirt, thin capri-pants and woollen
socks. Most of the body was mummified, and the face was partially skeletonized
(Fig. 3.2 A and B).
Entomological evidence
Empty pupal cases of Lucilia sericata (MEIGEN, 1826) were found adhering to
the woollen socks. A live specimen of Necrobia rufipes (DE GEER) was crawling
out of the clothes during autopsy. Dead adult specimens were collected, as well as
empty pupal cases of Megaselia scalaris. When the abdominal cavity was opened,
thousands of larvae and pupae of M. scalaris were revealed (Fig. 3.2 C and D).
Conclusion
The temperature in the room when the corpse was found was 21◦C . It was
assumed that the temperature remained almost constant, as the windows were closed
and the shutters were down. L. sericata takes 19 days to complete its life cycle (own
developmental data; data of (Grassberger and Reiter, 2001) suggest 16 days). M.
scalaris completes development at a 12:12 photoperiod after about 37 days (Trumble
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Figure 3.2: Case 1: A) and B) state of the corpse, C) open abdominal cavity, D) close
up inside abdominal cavity showing hundreds of larvae and pupae of M. scalaris.
and Pienkowski, 1979). Since the individual‘s missing period was about 40 days, the
PMI determination using developmental data ofM. scalaris was much more accurate
than the PMI calculated with data for L. sericata.
Case 2
Finding situation
The corpse of a man was found in his flat at the end of June 2008. He was lying
in his bed, dressed in pyjamas. All windows in the flat were closed. The missing
period was estimated as 36 days. The flat was described as neat. The corpse was in
a state of advanced decay (Fig. 3.3 A).
Entomological evidence
Live specimens (freshly hatched) of L. sericata were collected during autopsy, as
well as empty pupal cases. Furthermore, several pupae, empty pupal cases and dead
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Figure 3.3: Case 2: A) state of decomposition, B) leg in pyjama with pupae of M.
scalaris.
specimens of M. scalaris were found adhering to the fabric of the pyjama (Fig. 3.3
B).
Conclusion
A temperature of 20.5 ◦C was measured inside the flat when the corpse was
recovered. Development of L. sericata takes about 19 days to complete at a uniform
temperature of 21 ◦C (own developmental data; data of (Grassberger and Reiter,
2001) suggest 16 days). Under 16:8 light/dark conditions the development of M.
scalaris at 21 ◦C is complete after 33 days on average (Trumble and Pienkowski,
1979). Again, the PMI estimation based on developmental data of M. scalaris fits
the missing period better than an estimation based on data for L. sericata, assuming
reasonably constant temperatures inside the flat.
Case 3
Finding situation
A male corpse was found in April 2008 in his flat 18 days after he has been seen
for the last time. The windows were closed and the flat was described as messy.
The corpse was in an advanced state of decay (Fig. 3.4 A).
Entomological evidence
Third instar larvae of Calliphora vicina (ROBINEAU-DESVOIDY, 1830) were
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Figure 3.4: Case 3: A) Decomposition status of the corpse and B) pupae of M.
scalaris in the chest area.
feeding on the corpse. They were collected and reared in a climate chamber at 25
◦C. Hatched adults were first observed 11 days after the autopsy. A small number of
larvae and pupae of M. scalaris were observed in the chest area of the corpse (Fig.
3.4 B). They were collected and preserved in alcohol.
Conclusion
Based on the temperature profile (21 ◦C inside the flat, 4 ◦C in the cooling
device of the institute for forensic medicine, 25 ◦C in the climate chamber), the
total developmental time for C. vicina was estimated as 23 days. After subtracting
the developmental time in the institute (4 days cooling device, 11 days climate
chamber), the development time in the flat was about 8 days (own developmental
data for C. vicina). That is ten days less than the individual‘s missing period of 18
days. Larvae of M. scalaris pupate at 21 ◦C under 16:8 light:dark conditions after
an average of 15 days, and post-puparition sets in after about 18 days (Trumble and
Pienkowski, 1979). The pupae of M. scalaris therefore indicate a minimum PMI of
15 days.
3.3 Discussion
Several case reports consider the role of Phoridae in forensic cases (Campobasso
et al., 2004; Disney and Manlove, 2005; Greenberg and Wells, 1998; Manlove and
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Disney, 2008). Here a comparison of the post-mortem interval estimation based on
developmental data for M. scalaris and blow fly larvae was presented. In all three
cases the minimum post-mortem interval was far too short when it was based on
developmental data for blow flies. This was due not to bad data or miscalculation
but because it is diffficult for blow flies to infest corpses lying inside enclosed envi-
ronments. Due to their size, blow flies take longer to a) recognize the smell and b)
enter an enclosed room. Studies showed that even in cases where the window was
ajar, blow flies arrived with a delay of 24 hours at small piglet carcasses exposed
inside a room (Reibe and Madea, 2010). Scuttle flies are much smaller, however, and
can penetrate into or escape from apparently closed containers (Disney, 2008). In
all three cases presented it can be assumed that the persons died shortly after they
had last been seen. It has been shown that M. scalaris entered the flats shortly after
death and began ovipositing. This led in all three cases to a reasonably accurate
estimation of the PMI based on developmental data for M. scalaris. In general, all
entomological evidence collected from the corpse shall be included in the PMI esti-
mation and in indoor scenarios special attention should be directed towards phorid
flies.
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How promptly do blow flies colonise
fresh carcasses? A study comparing
indoor vs. outdoor locations
4.1 Abstract
It was investigated how long blow flies take to find and oviposit on fresh carcasses
placed outdoors and indoors. Paired dead piglets, one in the open and the other
in a nearby room (on the first floor of an occupied, detached, suburban house near
Cologne, Germany, with a window opened 9 cm) were exposed simultaneously on
nine occasions. The species visiting both locations and the number of egg batches
deposited by blow flies between both locations were monitored 2, 8, 24 and 48 hours
after exposure. In all cases the indoor piglet was exclusively infested by Calliphora
vicina, only in one case, on a very hot day after 48 hours exposure did Lucilia
sericata infest an indoor carcass. The outdoor piglets were infested by a variety
of common corpse-visiting species: Lucilia sericata, Lucilia caesar, Lucilia illustris,
Calliphora vicina and Calliphora vomitoria. A significant difference in the number
of egg batches was detected between indoors and outdoors. Furthermore, in only
two of nine runs did oviposition occur within the first 24 hours of exposure indoors.
Ambient temperature, daylength and rainfall had no significant effect on the number
of egg batches. Moreover, much less larvae were observed on indoor piglets; too few
to form maggot masses. This might result in slower larval development than on
outdoor piglets. It was concluded that PMI estimation for corpses found indoors
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must be handled carefully as oviposition might have taken place with a delay up to
24 hours.
4.2 Introduction
Corpses in houses or apartments are frequently found in late stages of decay infested
by larvae of Calliphoridae, Phoridae, Muscidae or Sarcophagidae. Such persons are
usually socially isolated, leading to delayed discovery of their bodies (Archer et al.,
2005). In such cases a PMI determination is complicated since it is unclear how
promptly the blow flies found the body and started laying eggs. Bodies can be
colonized by insects in several different locations (Faucherre et al., 1999) including
poorly accessible environments (Goff, 1991a). To estimate the colonization period,
it is therefore important to know how soon the insects can obtain access. Insect-
infested bodies with a known post-mortem interval, investigated in the institute of
forensic medicine, Bonn serve as control cases for PMI determination using insect
larvae. Unfortunately, for bodies found indoors the presumed post-mortem interval
often ranges between days and weeks as nobody missed the person immediately after
death. Thus, it is difficult to verify an estimated post-mortem interval for corpses
found indoors. In most cases examined, the time when a person was last seen and
the estimated larval age differed by several days, possibly because the person did
not die until several days after they were seen or because the blow flies needed
considerable time to perceive the body and enter the apartment. An experiment
was designed to observe the time interval between exposure of a body inside a room
of a house with a slightly open window and first colonization by blow fly eggs.
4.3 Material and Methods
Dead piglets exposed in the open were compared to piglets lying inside a 20 m2 room
with a window opened 9 cm at the upper edge, allowing a total entry area of 0.18
m2 (Fig. 4.1A). The room was on the first floor of an occupied, detached house with
a garden, located in a suburb of Cologne, Germany, and was fully equipped with a
bed, bookshelves and a closet. No food or organic waste was kept in the room. The
piglets were placed in a plastic basin on the floor in the middle of the room. The
window faced north-west, so that the sun shone through it between about 3:00 and
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Figure 4.1: A. Room on first floor in detached house as indoor location with tilted
window (arrow) facing north-west. B. Outdoor location with table and basin con-
taining the piglet in front of a garden shed with a small eave. Picture taken at 1:00
p.m, showing the sun and shading situation.
6:00 p.m. The light was switched off during the experiment and nobody entered the
room except to check the piglets at distinct time intervals. The heating was turned
off. The control piglets were placed outdoors about 50 meters from the window,
in the garden on the south side of the same house, directly in front of a garden
shack with small eaves (Fig. 4.1B), to ensure that they were sheltered from extreme
rainfall. Additionally, they were exposed to the sun in the same manner as the
indoor piglets: direct sunlight reaching the piglets at late afternoon. These piglets
were also placed in a basin and on a table to prevent vertebrates from disturbing
them.
In total, nine experimental runs were carried out successively, using altogether 18
dead piglets; nine indoor and nine outdoor. Run 1 was started at the end of May
2008, Runs 2, 3 and 4 were evenly distributed during June 2008, Runs 5, 6 and 7 in
July 2008 and Run 8 and 9 successively in August 2008.
The piglets were always exposed in pairs, one indoors and the other outdoors
simultaneously. They each weighed between 1 and 2 kg and were frozen at -
20◦C and defrosted within 24 hours before exposure. Shortly before exposure they
were cleaned with running water. Each experiment started between 11:00 a.m. and
1:00 p.m., and stopped approximately 50 hours later. The ambient temperature
was recorded by Ebro EBI-6 Dataloggers lying directly next to the piglets, rain-
fall was noted and the amount of rain was taken from a private weather station
(http://www.koelschwetter.de) in a nearby village (about 3.7 km away).
The piglets were checked 2, 8, 24 and 48 hours after exporsure, taking high
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resolution pictures using a Panasonic Lumix DMC-TZ2 digital camera. Pictures
of every body part and the natural orifices of the piglet were taken to record the
presence and the number of egg batches deposited by blow flies. An egg batch was
defined as a cluster of eggs probably oviposited by one female. The egg batches
were counted on a computer screen using Adobe Photoshop to enlarge all pictures
in the same manner. When discrete egg batches could not be distinguished due to
several females contributing to one egg batch, a digital circle the size of one egg
batch (taken from a position where a batch was distinguishable) was used as an on-
screen template to determine the approximate number of egg batches. Additionally,
although after 48 hours of exposure larvae had hatched, - and so technically could
not be counted as egg batches, for statistical purposes the number of new egg batches
that were deposited between 24 and 48 hours of exposure was added to the number
counted after 24 hours.
To determine the species visiting the piglets, adult flies (if present) were caught
either by hand (by carefully lowering a small glass jar on the fly) or using sticky
traps (Aeroxon, 21x6 cm, without attractants or toxic substances) for approximat-
ley 30 minutes. Indoors, adult flies were only caught if eggs had been deposited
already. Feeding larvae were not identified as it was not the primary question of the
experiment which species actually infested the carcasses.
Statistical analysis was performed using SPSS. The count of egg batches after
each of the four time intervals on piglets exposed indoors vs. outdoors was analyzed
using a Mann-Whitney U-test and effect sizes (a measure of the strength of the
relationship between two variables) for the impact of the location were calculated.
A chi-square test was performed to test for differences in the composition of the
captured species indoors and outdoors. Additionally, the location, the exposure
time, the mean temperature, the daylength and the amount of rain were correlated
to the number of egg batches to investigate the influence of these parameters.
4.4 Results
During the nine experimental runs the daily mean temperature ranged between 17.8
◦C and 23.9 ◦C. The mean temperature value for all runs was 19.9 ◦C outdoors and
22.5 ◦C indoors. The temperature profile for all runs are shown in Fig. 4.2, the
corresponding total rainfall in Fig. 4.3 A and the individual rainfall for each run in
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Figure 4.2: Temperature regime for each of the experimental runs conducted between
May and August 2008.
Table 4.1: Mean number of egg batches indoors vs. outdoors at distinct exposure
times
hour location mean count SD
2 out 18.56 14.49
in 0.22 0.67
8 out 55.56 39.41
in 0.67 1,41
24 out 104.44 50.53
in 2.5 1.19
48 out 132.22 48.42
in 13.5 17.99
Fig. 4.3 B.
4.4.1 Number of egg batches
The number of egg batches was counted after 2, 8, 24 and 48 hours of exposure time
(Table 4.1). The number of egg batches on the outdoor piglets was significantly
higher for all exposure times than on the indoor piglets and the latter were infested
later. Only in two of the nine runs did egg batches appear within the first 8 hours
of exposure on indoor piglets. The mean number of egg batches was distributed
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Figure 4.3: A. Sum of rainfall for each run. B. Individual rainfall profile for each
run where rainfall was recorded, arrows indicate midnight.
as shown in Table 4.1. The standard error for 48 hours indoors is large because
- although the median for the count was 6 batches there was an outlier in Run 7,
which had the highest indoor temperature: 27 ◦C (Fig. 4.2). On that particular
day, after 48 hours of exposure, there were about 40 egg batches on the piglet and
about 20 adult flies in the room, while in each of the other runs there were only 5-10
egg batches.
The number of egg batches was significantly different between locations (using
Mann-Whitney U-test p ≤ 0.001 in all cases). The effect sizes for each exposure
time ranged between r=0.84 and r=0.87.
Fig. 4.4 shows exemplarily the number of egg batches and rate of decomposition
for the two piglets in Run 8. It is obvious that the number of egg batches on the
outdoor piglet is already higher after 8 hours exposure time than on the indoor
piglet after 48 hours. Moreover, due to the higher number of hatched maggots on
the outdoor piglet, an advanced state of destruction was observed after 48 hours
compared to the indoor piglet.
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Figure 4.4: Amount of egg batches and decomposition state for piglets exposed
outdoors (left column) and indoors (right column) 2, 8, 24, and 48 hours after
exposure.
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Table 4.2: Percentage distribution of the species caught indoors vs. outdoors during
all runs
Species indoors outdoors




L. sericata 25% 14.8%
total number 12 61
4.4.2 Species identification
The majority of the Calliphoridae species caught on the outdoor piglets were iden-
tified as Lucilia caesar (LINNAEUS, 1758) (Table 4.2). The second most recorded
species were Lucilia sericata (MEIGEN, 1826) and Calliphora vicina (ROBINEAU-
DESVOIDY, 1830). The least recorded species recorded were Lucilia illustris (MEIGEN,
1826) and Calliphora vomitoria (LINNAEUS, 1758). The species caught indoors was
almost always C. vicina (in low numbers) except in Run 7 where after 50 hours of
exposure, up to 20 individuals of Lucilia sp. were observed but only 3 could be
caught by hand and identified as L. sericata. The numbers in Table 4.2 represent
counts of the specimens caught only (indoors: n=12, outdoors n=61); for the indoor
piglet they represent the number for C. vicina present quite accurately. In contrast,
the outdoor piglet was visited by many more individuals that evaded capture. Other
insect families appeared on the piglets too but only Calliphoridae were surveyed, as
they are the most common group of early corpse infestation insects. The chi-squared
test showed that the composition of the caught species indoors and outdoors was
significantly different (p ≤ 0.001).
4.4.3 Correlations
The number of egg batches was highly correlated to the location (rs=-0.82, p≤0.001)
and to the duration of exposure (indoors rs=0.81, p≤0,001, outdoors rs=0.80,
p≤0.001), but not to temperature (rs=0.16, p=0.35), rainfall (rs= 0.03, p=0.85) or
daylength (rs=-0.37, p=0.83) neither indoors nor outdoors. The only temperature-
dependent effect ocurred during Run 7, when the indoor temperature increased to
27 ◦C and many adult L. sericata flew in and deposited a large number of egg
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batches.
4.5 Discussion
4.5.1 Delay in oviposition
It has been reported that blow flies can detect carcasses inside buildings and enter
dwellings to oviposit (reviewed in (Anderson, 2001)). Furthermore, bodies found
wrapped or inside a vehicle or trash can have been reported to be infested by fly
larvae (Goff, 1991a; Reibe et al., 2008). For these cases it is not yet established how
much time has to be added to the estimated larval age to approach a realistic PMI.
The present study was designed to detect the general magnitude of any differences
in the colonization rate of carcasses by blow flies relative to the location of the
carcass: outdoors or indoors. The number of egg batches in both locations differed
considerably throughout the first 48 hours, being significantly less indoors in all
runs. Although the method of counting the egg batches might be suboptimal when
several females contributed to a cluster of eggs or at other occasions just spread
a few eggs, the aim of the study was fulfilled satisfactorily as the results does not
depend on 10 egg batches more or less. Location therefore had a large effect on
the number of egg batches. Additionally, the indoor piglets were colonized up to
24 hours later than the outdoor piglets. In only two of nine runs (Run 3 and 4)
was the indoor piglet infested the same day as it was exposed. Although carcass
size does not matter in relation to arthropod succession patterns (Hewadikaram and
Goff, 1991) there might be an effect inside rooms of odours building up faster when
the carcass is larger and therefore attracting more flies faster. This is yet to be
inverstigated.
In addition, the different number of egg batches between carcass exposed indoors
and outdoors resulted in a different amount of larvae. Greater larval activity leads
to increased tissue destruction and the formation of maggot masses in which tem-
peratures up to 20 ◦C higher than the ambient air temperature can be reached
(Slone and Gruner, 2007). The few larvae on the indoor piglets did not produce
such aggregations, so that larvae may develop more slowly indoors than outdoors,
even though indoor temperatures were about 2◦C warmer than outdoors. This must
be taken into account as a source of uncertainty in PMI estimates when corpses
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found indoors are infested with only small amounts of maggots.
4.5.2 Effects of temperature
It was shown that the temperature profiles of each of the experimental runs dur-
ing summer time had no significant effect on the arrival of blow flies at the exposed
piglets (indoors and outdoors) or the number of egg batches. However, this certainly
only applies in months in which the temperatures are equal to the experimental
period. Two additional runs in winter were included, one in November (mean tem-
perature: 6 ◦C ) and one in December (mean temperature: -2,7 ◦C ) 2008. In both
runs no colonization by insects on the indoor piglets was observed. In November the
temperature raised to 14.9 ◦C on day 9 of exposure and blow flies oviposited on the
outdoor piglet. In December no fly activity was recorded. Hence, temperature does
matter when it comes to the general question of insect activity due to low temper-
atures. The results therefore apply only at moderate temperatures in the average
range of about 15 ◦C and 25 ◦C. The absence of adult flies on the outdoor piglet
was recorded whenever the piglet was temporarily exposed to extreme sunlight and
very high temperatures (about 30 ◦C ). The results do not reflect this observation
as extreme weather situations are compensated by the choice of distinct exposure
times. Even if there was one hot and sunny hour between 2 and 8 hours of exposure,
it had no effect on the total number of egg batches after 8 hours.
4.5.3 Effects of rain
Rain did not prevent the flies from ovipositing. Either they waited for a dry moment
or they could reach the carcass by leaving the place of shelter and crawl towards the
carcass. As seen in the individual rain profiles (Fig. 4.3) in each run dry periods have
been recorded. So far, little is known about the effect of rainfall on the oviposition
behaviour of blow flies. Archer (Archer, 2004b) discovered that higher temperatures
and rainfall increased both mass loss rate and decomposition stage progression rates
of exposed neonatal remains. Nevertheless, no mention was made of whether flies
approached breeding sites or laid during rainfall. Furthermore, it has yet not been
reported if egg batches might be washed away by heavy rainfall. The observations
show no correlation between rainfall and oviposition, hence even if it is raining the
flies will oviposit the same day as exposure of the outdoor carcass. The eaves of
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the roof sheltered the outdoor piglets from heavy rainfall and although rain reached
the piglets, eggs were not drowned completely. It was observed that whenever rain
reached the carcass, the feeding maggots crawled beneath the piglet and fed from
the moist tissue. No washing away of egg batches or maggots was recorded.
4.5.4 Blow fly species entering houses
Although no general correlation between air temperature and the number of egg
batches was observed, either indoors or outdoors, once, when the temperature in-
doors rose up to 27 ◦C after 45 hours of exposure, the piglet bloated heavily, many
adults of L. sericata arrived and about 40 egg batches appeared. It seems the high
temperature, extreme sunlight and enhanced smell associated with bloating stimu-
lated the flies to enter the room and oviposit. It has been reported that L. sericata
is usually found in bright sunlight (Schumann, 1971), while L. caesar is associated
with shaded places. The dominant species at the outdoor piglet was L. caesar as the
piglet remained in shade for three quarters of the day (see Materials and Methods).
Except in Run 7, C. vicina was exclusively caught at indoor piglets. This species
is known for favoring shady situations and urban habitats (Erzinclioglu, 1996; Horen-
stein et al., 2007). The entering of C. vicina might therefore be related to the
orientation of the window of the one house used in the experiment. It has to be
investigated if a window orientated to the south has different effects on the arriving
species. In 34 cases handled by the institute of forensic medicine, Bonn in 2008 C.
vicina was associated with 27.3 % of the indoor cases; in 21.2 % no insects were
found; in 24.2 % other Calliphorinae (especially Luciliini) were collected; in 15.2 %
the species remained unidentified; and in 12.1 % other families of flies like Phori-
dae and even beetles were observed (unpublished data). In these cases there was
a tendency to find luciliine species whenever the place of discovery was described
as messy and neglected. It would be interesting to observe the time till oviposition
when fresh carcasses are exposed in rooms containing additional organic waste.
A study from Germany showed that L. sericata had the highest synanthropy
index of all captured blow fly species (Steinborn, 1981), another German study
showed that L. sericata and C. vicina were the only blow fly species caught indoors
(Schumann, 1990). Moreover, in the sonducted study an exposure period longer
than 48 hours could have led to accumulation of Luciliinae. Nevertheless, these
findings indicate that in a clean room, facing north-west the first species to find a
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Figure 4.5: A) Small box used as a model for indoors, arrow shows the window-like
opening (10 cm long slit). B) Large box 1 (locker): 54 times larger than the volume
of the piglet, the slit is indicated by an arrow. C) Large box 2 (garden shack), 900
times larger than the volume of the pig, the tilted window is indicated by an arrow.
carcass and oviposit is C. vicina.
4.5.5 Conclusion
In summary, indoor carcass may be infested with blow fly egg batches up to 24 hours
after exposure. Generally, very few blow fly individuals enter the room to oviposit,
resulting in a significantly lower number of egg batches than on outdoor carcasses.
This might result in slower larval development as the smaller larval aggregations
would generate less metabolic heat. All these factors have to be taken into account
when a PMI(min) has to be determined for corpses found indoors.
4.6 Preliminary experiments for finding a suitable
indoor model
Before the indoor experiments were conducted in a real house, other possibilities for
an indoor model were tested. The results are shown below.
4.6.1 Experimental design
In total 18 dead piglets in different location types were compared. Piglets exposed
openly (n = 10) were compared to piglets that were kept indoors (n = 8). Indoors
refers to containers of different types with distinct sizes and materials (Fig. 4.5)
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that were used as models for a flat or normal house. The indoor models were
differentiated in small (n = 4) (Fig. 4.5 A) and large (n = 4) (Fig. 4.5 B, C). The
volume of the small boxes was about 20 times larger than the volume of the piglets
itself, the volume of the large boxes was 54 or 900 times larger than the volume of
the piglets. The small boxes (smbox) had a size of 40 cm x 30 cm x 30 cm and a
volume of 40 L, with an opening simulating a tilted window (10 cm length, see Fig.
4.5 A). Two different types of large boxes were used, a locker (180 cm x 100 cm x 60
cm; 1080 L) (Fig. 4.5 B) made of fabric and a garden shack (300 cm x 200 cm x 300
cm; 18000 L) made of wood (Fig. 4.5 C). The piglets put in the small boxes had a
volume of 2 L, the ones put in the large boxes a volume of 20 L. The pigs were deep-
frozen the same day they died and were defrosted in a plastic bag 24 hours before
exposure without flies having access to it. The piglets were exposed several times
in the summer 2006 and 2007, sometimes only one pig, open or covered, sometimes
both situations close together as well as 50 m apart from each other. The results
from the experiments with openly exposed piglets (n=10) were pooled as well as the
results for the piglets in small boxes (n=4) and for the piglets stored in large boxes
(n=4).
The temperature data was recorded using a data logger (EBI-6, Ebro) and als
the weather (e.g. sunny, cloudy, rainy) for the exposure days was noted on a data
sheet. The piglets were checked daily and the egg batches were counted after tak-
ing macro high resolution pictures every day at the same time (late afternoon).
Statistical analysis was performed with the program SPSS using the Kolmogorov-
Smirnov Test for significance. A value of p < 0,05 was considered to be significant.
Kolmogorov-Smirnov Test acts similar as the Mann-Whitney U Test, but is used
for small sample sizes (Field, 2005). The Spearman Correlation factor rs shows the
correlation between location type (open, smbox and lbox) and the 3 investigated
variables (number of eggbatches, first day of egg deposition, number of egg batches
after 24 hours) where -1 is a perfect negative correlation and +1 a perfect positive
correlation.
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4.6.2 Results
Weather and ambient temperature
The temperature for the exposure days ranged from 20◦C - 25◦C , with two excep-
tions. One day 31◦C were measured whilst exposure of the piglet and one time only
18◦C . The weather was always sunny except for one day, where it rained, when a
piglet was exposed openly.
On which day have the first egg batches been deposited by blow flies?
For each location it was observed on which day after exposure of the piglets the first
egg batches were present. The exposure day of the piglets equals day 1 (zero hour) of
the experiment. When the piglets were exposed openly, the first eggs were observed
during the first 24 hours in every case (Fig. 4.6: 1.a) and 2.a)). The shortest time
interval observed for oviposition was 50 minutes after piglet exposure. Even during
a day full of rain, egg batches could be observed within 24 hours but not as many
as on a sunny day (data not shown). The results for piglets lying open compared
to such lying in small boxes were very similar (Fig. 4.6: 1), Fig. 4.6: 2)). In both
cases (open and small box) the day of first observation of egg batches is day 1 or 2
(that is within 24 hours), so there is no significant difference between both locations
(p=0,99) (Fig. 4.6: 1.a)). Inside large boxes egg batches were never observed on
the same day as piglet exposure. Also noted was a large variance in the time period
until first eggs are deposited (Fig. 4.6: 1.a)). In one experimental run no eggs were
recorded until day 7 after exposure, although several adult flies were present around
the large box and even landed on it. Nevertheless the results showed no significant
difference between open exposure site and large box concerning the day the first
eggs were deposited: p=0,08.
How many egg batches were counted 24 hours after exposure of the
piglets?
On openly exposed piglets the number of egg batches 24 hours after exposure was
on average 61 with a standard error of the mean of 9.4. No significant difference
to the results of the small box experiments (p=0,35) was observed. As to be seen
in Fig. 4.6: 1.b) there is only a tendency toward fewer egg batches on piglets put
in small boxes. In both cases there was a minimum of ten egg batches 24 hours
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Figure 4.6: Locations: open= openly exposed piglets, smbox = piglets put in small
boxes, lbox = piglets put in large boxes, a) day of first ovipostion, b) number of
egg batches 24 hours after exposure (day 2), c) number of egg batches on the first
day eggs were deposited. 1. Boxplots. 2. Descriptive statistics. 3. Spearman‘s
correlation coefficient rs and associated p-values for the order of the locations open
to small box to large box .
after exposure (Fig. 4.6: 2.b)). In contrast the use of large boxes resulted in
severe differences between outdoor and indoor locations concerning the number of
egg batches (p=0,007). In three of four cases no egg batches on the piglets were
observed, in the fourth case two egg batches were counted after 24 hours exposure
time inside a large box.
How many egg batches were counted during the first oviposition day?
On openly exposed piglets an average of 32 egg batches was counted, in the small
boxes about 18 egg batches and in the large boxes an average of 7 egg batches on
the first day eggs were observed (Fig. 4.6: 2.c)). As to be seen in the boxplot (Fig.
4.6: 1.c)) the trend from open to smbox to lbox for the amount of egg batches is
decreasing. The p-values for the differences between the locations are: open vs.
small box p=0.61, and open vs. large box p=0.02. Again, a significant difference
can only be sen between openly exposed piglets and such put in large boxes.
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Correlation
The impact of the location on the three variables mentioned above was tested with
Spearman‘s correlation coeffizient rs (Fig. 4.6: 3). For the elapsed time until the
first eggs were deposited the correlation factor is 0.64 with a significance value of
p = 0.005, showing a strong positive relation between the location and the day the
first eggs are deposited. Positive relation in this case means: later. The larger the
box, the later the flies deposit their eggs. For the numbers of egg batches 24 hours
after exposure of the piglets Spearman‘s correlation coeffizient is rs=-0.74, showing
a negative relation between the location and the number of egg batches, which is
strongly significant (p < 0.001). Negative relation here means: fewer. Fewer eggs
were counted the larger the indoor location got. The same applies for the number
of egg batches on the first day of oviposition: rs=-0.71. The larger the box, the less
egg batches were present inside at that time (p = 0.001).
4.6.3 Discussion
The purpose of the study was a transfer of the experimental situation to a sce-
nario when a human corpse is found indoors and additionally the application of the
preliminary results to real case work.
The results of the experiments show definitely a trend when it comes to evaluate
post-mortem intervals for corpses found in an enclosed environment. There is a
relation between the location of storage of a corpse and the resulting colonization
by blow flies, shown by the Spearmann‘s correlation. A dead piglet in an empty
and clean large box or room was not colonized by blow flies the same day it has
been exposed - in contrast to an openly exposed piglet, that was found by blow flies
within 24 hours post exposure in all observed cases.
Only for the investigated variable of the elapsed time until the first oviposition no
significant differences can be seen between the results for the open site and the large
box exposure site. Though the value was very close to the real significance limit,
no safe time period can be postulated in which the flies find their way indoors, only
a trend can be shown towards a declaration of the colonization time. Nevertheless,
the results from the Spearmann correlation give a significant difference as well as a a
strong correlation for the time until the first egg batches are deposited and the size
of the location. This may be due to the chosen statistical test and the small sample
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size of these preliminary results. The fact that the small boxes as a placement of
dead piglets did not restrain the flies from depositing their eggs within 24 hours can
be a helpful result for the investigation of dead infants hidden in bags or boxes.
One reason for the differences between small and large boxes might be due to
an elongated time the odour might stay inside the large room and not reaching the
flies outdoors. The smell from piglets inside a small box was recognizable even for
the observer, when he was standing next to it. For the future repetitions of the
experiments with only one kind of indoor scenario (a real house) are planned as well
as an enlargement of the sample size to get more data. However it is not possible
to wipe out the problem that the weather will never be exactly the same as the
trial before and the location is also one of a kind and might never be similar to
another scene concerning all its microclimatic influences. Another point of interest
during further experiments will be the variation in insect species colonizing the
bodies. A study from Hawaii showed that some species were restricted to remains
discovered indoors, and also a greater variety of Diptera larvae were associated with
them, while remains discovered outdoors had a greater variety of Coleoptera species
present (Goff, 1991b). Coleoptera species were only recoreded at outdoor locations
(data not shown) so in further experiments the species that colonize a body indoors
and outdoors will also be determined. It can be concluded that for bodies found
indoors, the PMI determination should be conducted with care as it is yet to be
determined how the colonization time varies compared to bodies lying in the field.
4.7 Final remarks
As to be seen in the preliminary experiments that lead to the experiments conducted
in a real house, the trends of the results were indeed visible. Nevertheless, no model
was good enough to simulate a real indoor scenario. However, an important result
of the preliminary experiments was the colonization behavior of blow flies towards
piglets exposed in rather small containers. As it was shown, these enclosing did not
prevent the blow flies from ovipositing shortly after exposure. As already mentioned
in the discussion, this can be a helpful result when infants are found outdoors but
inside a box or the like. Furthermore, it was a good experience to develop the
experimental design further after ruling out the flaws of the preliminary experiments.
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forensically important blow fly
species (Diptera: Calliphoridae) from
Germany
5.1 Abstract
The growth rate of blow fly larvae is highly dependent on temperature and fur-
thermore varies between the different blow fly species infesting a corpse. It is thus
crucial to identify the species collected from a crime scene correctly. To increase the
quality of species identification molecular methods were applied to 53 individuals of
6 different species sampled in Bonn, Germany: Calliphora vicina, Calliphora vomito-
ria, Lucilia caesar, Lucilia sericata, Lucilia illustris and Protophormia terraenovae.
DNA was extracted and a 229 bp fragment within the mitochondrial cytochrome
oxidase subunit I (COI) was checked. The sequences of the local flies were aligned
to published data of species from other countries and the application value of the
analyzed region for their differentiation was studied. All species were matched cor-
rectly by a BLAST search apart from L. caesar and L. illustris. Although molecular
methods are very useful especially if it is necessary to identify small fragments of
insect material or very young larvae they should be used only additionally to the
conventional methods. The latter are faster, cheaper and moreover are the basis for
molecular species identification.
5. Molecular identification of forensically important blow fly species
(Diptera: Calliphoridae) from Germany
5.2 Introduction
Larval development is dependent on temperature (Bowler and Terblanche, 2008)
and every species has a slightly different growth rate (Davies and Ratcliffe, 1994;
Erzinclioglu, 1990; Richards et al., 2009). It is thus crucial to identify the larval
species feeding from a corpse correctly to calculate the PMImin properly. To ensure
correct species identification, established molecular methods were transferred to the
forensic field (Benecke, 1998; Sperling et al., 1994; Stevens and Wall, 1996, 1997;
Wallman and Adams, 1997). Calliphoridae are one of the earliest visitors infesting
a corpse with their larvae (Benecke, 2005; Lane, 1975; Putmann, 1977; Schumann,
1965). Analysis of mitochondrial DNA (mtDNA) and particulary cytochrome ox-
idase I gene (COI) appeared to be a useful tool in species identification among
the subfamilies of Calliphoridae (Harvey et al., 2008, 2003; Wallman and Donnel-
lan, 2001; Wells and Williams, 2005; Wells et al., 2007). MtDNA offers several
advantages over nuclear DNA: the latter undergoes relatively slow mutation rates
compared with mtDNA, so identification would require a much longer nucleotide
sequence than is necessary with mtDNA. This enables mtDNA to provide differ-
ences in sequences between closely related species (Waugh, 2007) and therefore be
useful for molecular identification purposes. Several working groups gained experi-
ence in using the method in their countries (Ames et al., 2006; Chen et al., 2004;
Desmyter and Gosselin, 2009; Harvey et al., 2008, 2003; Saigusa et al., 2005; Tourle
et al., 2009; Wallman and Donnellan, 2001). Surprisingly, there are no records for
analysing sequences of the COI gene of blow flies originating from Germany. Even a
global study and a study for European blow fly species did not include any data from
Germany (Harvey et al., 2008; Vincent et al., 2000). Therefore, the aim of the study
was to investigate the applicabilty of published primers and molecular methods to
blow flies originating from Germany and a comparison of their COI sequences to
species from several other countries.
5.3 Material and Methods
5.3.1 Specimens
53 adult blow fly specimens were captured on dead piglets exposed for insect suc-
cession experiments in the area of Bonn, Germany. Sticky traps were placed di-
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rectly on the piglets. Captured specimens were removed from the trap, stored in 70
% ethanol at room temperature, and identified using morphological characteristics
(Rognes 1991). Species of three subfamilies of Calliphoridae were identified and used
for the molecular analysis: Luciliinae: Lucilia sericata (12), L.ucilia caesar (14) and
Lucilia illustris (3); Calliphorinae: Calliphora vicina (10) and Calliphora vomitoria
(6) and Chrysomyinae: Protophormia terraenovae (8). Sequences from specimens
collected worldwide were retrieved from the NCBI database.
5.3.2 Molecular methods
DNA was extracted from the flight muscles using the QUIAGEN DNeasy Blood &
Tissue Kit following the manufactor’s instructions. A 229 bp unit within the mito-
chondrial cytochrome oxidase subunit I (COI) was amplified and sequenced using
the following primers: C1-J-2495 (5’ CAGCTACTTTATGAGCTTAGG 3’) ((Sper-
ling et al., 1994) and C1-N-2800 (5’ CATTTCAAGYTGTGTAAGCRTC) (Wells
and Sperling, 2001). For DNA amplification the HotStarTaq DNA Polymerase Kit
by QUIAGEN was used following the manufactor’s instructions. Cycling conditions
were 3 min 94 ◦C followed by 35 cycles of: 94 ◦C for 60 s, 45 ◦C for 60 s and 72
◦C for 90 s. A final extension period of 60 s at 72 ◦C was used, followed by holding
at 4 ◦C. Products were visualized using polyacrylamide gel electrophoresis followed
by silver nitrate staining. PCR products were purified using Amicon Microcon YM-
100 following the manufactor’s instructions. Sequencing reactions were performed
using ABI Prism Big Dye Terminator 3.1 Sequencing Kit.
5.3.3 DNA sequence alignment and phylogenetic analysis
A BLAST search (Altschul et al., 1990) was performed on the results of the sequence
analysis of the caught flies to see if reasonable results were achieved. The most
common sequence of each of the collected species were compared to each other to
calculate the genetic differences. Additionally, the sequences of the German flies
were compared intraspecifically and to conspecific sequences originating from other
countries building a phylogenetic tree. Sequence alignment and a Neighbour Joining
tree (Saitou and Nei, 1987) were made using MEGA 4 (Tamura et al., 2007) with
pairwise deletion treatment of gaps and Tamura-3-Parameter substitution model,
bootstrap support derived from 1000 replicates and values >70 % are shown.
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5.4 Results
A 229 bp fragment of the mitochondrial COI gene was successfully sequenced from
all 53 Calliphoridae specimens collected in Bonn, Germany. All specimens were
identified correctly in the BLAST searches except for L. caesar and L. illustris. In
most cases the latter were identified correctly but nearly always the second hit was L.
caesar and vice versa for the former. When comparing the sequences of both species
in Fig. 5.4, it became obvious how very similar they were. They diverged by only 2
bp (0.87 %). In comparison, the average intraspecific variation in L. caesar was 1.57
%. As the tree shows (5.4), L. caesar and L. illustris were not clearly seperated but
rather mixed within their branching. In L. sericata intraspecific variation was 0.5
%; for L. illustris it was 1.76 %. The analysed specimens of C. vicina varied 1.54
%, and those of C. vomitoria 0.17 %. The smallest intraspecific divergence value
was found in P. terraenovae: 0.03 %.
Analysis of interspecific divergence showed P. terraenovae and C. vomitoria to
have the least similar sequences (divergence of 29 bp, which equals 12.66 %). In
general, members of the same subfamily were closer to each other than to members
of other subfamilies. In the subfamily Luciliinae, the divergence ranged between
0.87 % and 7.4 %, within the Calliphorinae subfamily it was 4.8 %. The divergence
between the subfamilies Calliphorinae and Luciliinae was 8 - 9 %, between Luciliinae
and Chrysomyinae 9 - 11 % and between Calliphorinae and Chrysomyinae 11 - 12
%. The differences between the sequences were due only to substitutions, since no
deletions were observed.
The phylogentic tree (Fig.5.4) included not only the German specimens but also
sequences from specimens worldwide. The result was a mixed pattern of German and
worldwide specimens in the branches for each species. Thus, the German populations
were not clearly seperated from other populations, except in C. vicina. It was not
possible to distinguish between blow flies originating from Germany and those from
other countries by a BLAST search or by simple alignment.
5.5 Discussion
The aim of the study was to confirm that published molecular identification meth-
ods can also be applied on blow flies from Germany. The described method was
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Figure 5.1: Sequence comparison between species originating from Bonn, Germany.
Dots indicate identity to the sequence of L. sericata
performed successfully on 53 blow flies originating from Bonn, Germany using pub-
lished primers (Sperling et al., 1994; Wells and Sperling, 2001) and extracting DNA
from flight muscle tissue. Although the chosen COI sequence was rather short, it
was specific enough to distinguish between the collected blow fly specimens. Harvey
et al. showed likewise that the analysis of a short COI sequence is a suitable tool to
distinguish between forensically important fly species in western Australia (Harvey
et al., 2003). Only L. caesar and L. illustris could not be differentiated satisfacto-
rily by comparing the chosen COI sequence. This was also described in two other
studies (Vincent et al., 2000; Wells et al., 2007). These species are also very difficult
to identify using morphological features (Rognes, 1991). It is therefore likely that
sequences of both species provided in the database were taken from specimens that
were poorly identified in the first place. Maybe in this case it would be helpful to
additionally use a nuclear gene, e.g. ITS2, to provide extra information, as shown
by Nelson et al. for Chrysomya species (Nelson et al., 2007). As also presented by
Nelson et al., the Neighbour-Joining method is a suitable method to analyse the
COI sequence to investigate whether the latter provides a sufficient resolution to
identify blow flies of the genus Chrysomya (Nelson et al., 2007). The same method
was used and in the resulting tree (5.4) all Calliphorinae species, apart from L.
caesar and L. illustris, were resolved as monophyletic groups, despite low COI di-
vergences between some sister species (Fig. 5.4). As to be seen, P. terranovae and
L. sericata branch from the same knot indicating a closer relationship. However, the
corresponding distance value was below 50 so that this branching was considered to
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Figure 5.2: Neighbour Joining tree showing distances between species originating
from Bonn, Germany consecutively numbered starting with a) (all flies were caught
on dead piglets from field experiments) and species from all over the world; sequences
of the latter taken from Pubmed Nucleotide Databank, their origin written behind
the species name.
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be unsupported. Furthermore, the interspecific divergence between Luciliinae and
Chrysominae was 9 - 11 %, which also indicates an artificial relationship displayed
in the tree. A closer look on C. vomitoria reveals that the species from Taiwan was
seperated from the rest. This might be due to geographical particularities which
resulted possibly in species formation. For the other german blow fly specimens
investigated, identification by analysing COI was a safe way to achieve correct iden-
tification results. This can be helpful when damaged specimens or preserved larvae
are to be analyzed to increase the quality of identification. It is thus not possible
to decide from which country specimens of interest originated from (Harvey et al.,
2008, 2003). Nevertheless, molecular methods should only be used additionally to
conventional identification methods. The latter are faster, cheaper and moreover
build the basis for correct molecular species identification.
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A new simulation-based model for
calculating post-mortem intervals
using developmental data for Lucilia
sericata (Dipt.: Calliphoridae)
6.1 Abstract
The age of the most developed insect larvae (mostly blow fly larvae) gives reasonably
reliable information about the minimum time a person has been dead. Methods such
as isomegalen diagrams or calculations of accumulated degree hours (ADH) can have
problems in their reliability, so in this study a new growth model was established to
calculate the larval age of Lucilia sericata (Meigen 1826). This is based on the actual
non-linear development of the blow fly and is designed to include uncertainties, e.g.
for temperature values from the crime scene. Published data for the development
of L. sericata was used to estimate non-linear functions describing the temperature
dependent developmental behavior of each developmental state. For the new model
it is most important to determine the progress within one developmental state as
correctly as possible since this affects the accuracy of the PMI estimation by up to
75%. It was shown that PMI calculations based on one mean temperature value
differ by up to 65% from PMIs based on an 12-hourly time temperature profile.
Differences of 2 ◦C in the estimation of the crime scene temperature result in a
deviation in PMI calculation of 15 - 30 %.
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6.2 Introduction
The basic principles of blow fly development as well as the common methods for
PMI estimation were introduced in chapter one. The used methods (isomegalen
diagram and ADH calculation) have limits and flaws, respectively. A new model
was established to improve PMI estimations.
6.2.1 Life cycle of blow flies
Here, the life cycle of a blow fly is described in greater detail as it is essential for
the following steps in establishing a new model. The development of blow flies
includes four stages: egg stage, larval stage, pupal stage and imago stage (Tao,
1927). During the larval stage three instars can be separated: 1st, 2nd and 3rd
instar, where the latter is divided due to behavioral changes in feeding and post-
feeding larvae. Blow flies deposit egg clutches directly on the food substrate, such
as a dead body (Smith and Wall, 1997), in a position where the eggs are protected
and in a moist environment. This ensures a food supply for the hatching 1st instar
larvae. The first three instars each undergo a moult in order to reach the next
developmental stage; the stages can be distinguished by the number of respiratory
slits at the posterior end of the larvae. The third instar stage lasts for longer than
the first two. The larvae feed on the substrate as 3rd instars, then leave the food
source to find a suitable place for pupation, entering the post-feeding stage (Arnott
and Turner, 2008). About one third of the pre-adult development time is spent
in the post-feeding larval stage (Greenberg, 1991). Then pupation sets in and the
imago develops within the pupal case till eclosion (Lowne, 1890). This last stage
persists for about half of the time of the total development.
The larval‘s growth rate depends on its body temperature, which is directly in-
fluenced by environmental conditions as the ambient temperatures and the heat
generated by maggot aggregations (Slone and Gruner, 2007). Also, each species has
its own temperature dependent growth rate.
6.2.2 Why is a new model of interest?
As described in chapter one, the method of isomegalen diagrams is only safe to
use, when the temperature at the finding place of the maggots was not fluctuating.
Unfortunately, this is rarely the case in outdoor scenarios. The method of ADH
76
6. A new simulation-based model for calculating post-mortem intervals
using developmental data for Lucilia sericata (Dipt.: Calliphoridae)
calculation underlies the assumption that the reciprocal of the development time
(development rate) is linear over a range of temperatures. This is only the case for
a distinct temperature area. In high an low temperature areas the development rate
becomes non-linear. Nevertheless, it is a standard procedure to calculate the ADH
values for temperature ranges in which the developmental rate is non-linear (Higley
and Haskell, 2009), which results in PMIs not as accurate.
During the preparations for establishing a new model another problem was de-
tected: a published data-set for the development of L. sericata (Meigen 1826) (Grass-
berger and Reiter, 2001) was analyzed and the corresponding ADH values for these
data were calculated. Fig. 6.1 shows the calculated ADH values for a base tempera-
ture of Θ0=8◦C (as calculated by a linear regression analysis for the used data-set).
In the figure a new effect can be observed: for the younger and also shorter devel-
opmental phases the ADH values are nearly constant over the complete range of
temperatures, but for the post-feeding and the pupal stages the ADH values are
strongly temperature dependent.
Furthermore, it is highly problematic that uncertainties for temperature measure-
ments from a crime scene cannot be taken into account in either of the commonly
used methods for PMI estimation. It is difficult to determine the actual temperature
controlling the larvae at a real crime scene. Since temperature is the variable that
most influences development, it is crucial to consider it as accurately as possible.
The standard procedure is to use temperatures of the nearest weather station for
the desired time frame and correct them by applying a regression starting from tem-
peratures measured at the crime scene, when taking the larvae as evidence (Archer,
2004a). The corrected values still contain uncertainties that cannot be accounted
for by the methods currently used for PMI determination. No information exists for
either model about the quality of the method or the error intervals of the calculated
PMIs.
6.3 New approach for PMI determination
Developmental data for L. sericata generated under different temperatures was ana-
lyzed and an individual exponential function for each developmental stage was fitted
after applying a non-linear regression analysis of the data. Data used as input to the
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Figure 6.1: Calculated ADH values for the development of L. sericata using eq. (1.2)
(data points) and fitted functions (lines) calculated using eq. (6.1) and estimated
parametres (Table 6.1), data by Grassberger and Reiter 2001.
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model were published by Grassberger and Reiter (2001) and represent the minimal
time in hours to complete each larval phase (egg stage = stage 0, 1st instar = stage
1, 2nd instar = stage 2, 3rd instar feeding = stage 3, 3rd instar post-feeding = stage
4 and pupal stage = stage 5) until eclosion of the adult blow fly. The used data set
is one of the rare sets which covers a lot of temperatures and the resulting growth
curve seems to represent growth behavior well (see original paper). Unfortunately,
Grassberger and Reiter do not give any error values for their measurements, so an
error for the developmental times of about 1 hour was assumed. These authors used
250 g of raw beef liver in plastic jars, and placed 100 eggs on the food substrate.
The jars were placed in a precision incubator. At each temperature regime the pro-
cedure was repeated 10 times. Every 4 hours, four of the most developed maggots
were removed from the plastic jars, killed in boiling water, and preserved in alcohol
(Adams and Hall, 2003) and their stage of development was determined.
6.3.1 Data fit
The new larval growth model is based on the data shown in Fig. 6.2, in which the
duration of each developmental stage was measured as a function of temperature
(Grassberger and Reiter, 2001). These data points were fitted with an exponential
function of the form:
Tα(Θ) = aα · exp (−τα ·Θ) + T0,α (6.1)
where Tα is the duration of one developmental stage α as a function of temperature
Θ. The parameters fitted for the different stages are shown in Table 6.1. The
parameter τα defines how strongly the time interval depends on temperature; the
higher the parameter in Table 6.1, the steeper is the gradient of the fitted curve. T0,α
represents the minimum time interval required for finishing a certain developmental
stage and aα provides the absolute normalization. The developmental stages of the
maggots were determined every ∆T = 4h, such that time measurement errors are set
to σT = ∆T/
√
12 following an uniform distribution. It is assumed that the maggot
body temperature is known to an accuracy of 3% in order to take into account
uncertainties about differences between ambient and maggot body temperature. The
parameters aα, τα and T0,α were determined by minimizing the sum of error squares.
As seen in Fig. 6.2, the exponential function accurately models the behavior during
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1000 )+ 3.74Θeggs: 128.85 exp(-0.10 
)+ 8.32Θfirst: 1005.39 exp(-0.20 
)+10.73Θsecond: 1103.19 exp(-0.19 
)+24.99Θthird: 2339.95 exp(-0.22 
)+84.87Θpost-feed: 266887.22 exp(-0.46 
)+119.36Θpupa: 7447190.98 exp(-0.57 
Figure 6.2: Developmental data of L. sericata with fitted functions (eq. (6.1)), data
by Grassberger and Reiter 2001.
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Table 6.1: Fitted parameters for the development-time-function Tα(Θ).
α Stage aα [h] τα [◦C−1] T0,α [h]
0 eggs 1.28·102 0.10 3.74
1 1st 1.00·103 0.20 8.32
2 2nd 1.10·103 0.19 10.73
3 3rd 2.34·103 0.22 24.99
4 post-feed 2.67·105 0.46 84.87
5 pupa 7.45·106 0.57 119.36
all developmental stages and will be used below. In all stages the developmental
duration at temperatures below 24 ◦C starts to rise exponentially. Fig. 6.1 shows
the calculated ADH values corresponding to eq. (1.2) (data points in figure). In
addition, the figure shows the function ADHα(Θ) = Tα(Θ) · (Θ − Θ0). Tα(Θ) is
calculated by eq. (6.1) with the previously fitted parameters (Table 6.1). Again,
the functions give reasonable description of the data. Nevertheless, the model is an
empirical one, based on the observations of the data points generated by Grassberger
and Reiter (2001).
6.3.2 PMI calculation
For European and especially German temperatures, calculation of the total develop-
mental duration must allow for non-linear temperature behavior in order to ensure
accuracy. The basic idea underlying a new approach in PMI determination is to
follow an ambient time-temperature profile Θ(t) backwards in time starting from
the time point tF at which the maggots of interest were collected. The idea of back-
wards calculation is obviously similar to the ADH method, but in the new model
the important improvement is the calculation method for determining the progress
of larval development. The latter is calculated successively during certain time steps
using the fitted functions corresponding to the current developmental stage intro-
duced in Fig. 6.2. In each stage α the relative developmental progress is Pα (values
0 - 1) where 0 is the starting point and 1 is the end point of each developmental
stage; e.g. a maggot in the middle of the post-feeding stage is P4 = 0.5, at the end
of the post-feeding stage it is P4 = 0.9 and so forth. The developmental duration
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Tα(Θ(tF − t)) . (6.2)
where dt/T (Θ(t)) is the infinitesimal relative development.
The calculation starts with the developmental stage of the maggot at the time
of collection, summing the developmental progress backwards until the beginning of
the egg stage is reached. The calculation for each collection stage uses tα+1,0 = tF .





For the new model a program was written in C++ using Root (http://root.cern.ch/)
as analysis software. This program includes all mentioned mathematical steps and
produces the figures shown here as output. For each new PMI calculation the corre-
sponding temperature profile can be inserted and individually chosen uncertainties
can be included.
6.3.3 Consideration of uncertainties by Monte-Carlo simula-
tion
To explore the uncertainties in the total developmental duration, a Monte-Carlo
simulation was applied, which is commonly used for simulations in life sciences
(Mansson et al., 2005). It is a method for calculating one final uncertainty after
considering all statistically independent uncertainties that influence for example the
larval age. The mean PMI with corresponding standard variation is calculated n
times taking into account and varying all uncertainties described in the following.
First, the developmental profiles Tα(Θ) have uncertainties due to the measurement
procedure. Second, the time-temperature profile from the collection scene is not
known precisely and must be approximated using temperature values from nearby
weather stations. The variations are introduced for each model as follows:
Development profile: The mean duration values of the temperature-time data
are randomly smeared with a uniform distribution with corresponding error
σT ; for the maggot body temperature σΘ,b a Gaussian distribution is used.
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New fits with the function in eq. (6.1) are performed for each stage.
Time-temperature profile: Deviations between the temperature profile at the
collection scene and the nearest weather station are accounted for by Gaussian
smearing of time t and temperature Θ, with the corresponding errors σt and
σΘ as width for each data point. σΘ can be inserted in the model‘s calculation
individually, dependent on the differences between the temperatures at finding
place and weather station.
The PMI for a mock crime scene was calculated using the following parameters:
σT = 4/
√
12 h, σt = 1h, σΘ = 2◦C, σΘ,b = 3% for 10000 models for a fixed collection
stage progress of Pα = 0.5. The results are shown in Fig. 6.3 (upper part) which
is a direct output of the new program that calculates the PMI. The lower time
axis defines the progress of the temperature profile forward in time, representing
the time frame of interest. The temperature profile used here (black line) is taken
from the minimum and maximum temperatures in May and June 2008 measured
at Cologne/Bonn airport. The right end of the diagram marks a fictional time
point of maggot collection and therefore the starting point for PMI calculation.
The upper time axis depicts the PMI backwards in time starting from the moment
of maggot collection. For each developmental stage the PMI was calculated by
following a linear interpolation between the maximum and minimum temperatures.
The resulting histograms illustrate the PMI distribution for each stage and show a
clear single peak structure. The arrows on the top show the 1-standard deviation
interval for each stage around the mean PMI value, and range between 0.1 and 1.2
days (depending on the stage). Since no data points below temperatures Θ < 15◦C
were measured, the functions Tα(Θ) were extrapolated to lower temperatures. As
expected, the PMI and the corresponding standard deviation increase with higher
developmental duration (see arrows above histogram).
Since the exact progress within the developmental stage at collection time is most
of the time also unknown, a third uncertainty is introduced:
Stage progress: The developmental stage at collection time was determined only
to integer precision, so that it is assumed the exact progress is an uniformly
distributed value between 0 and 1. Consequently, the starting value for the
PMI calculation Pα at time tF is randomly and uniformly chosen within the
interval [0,1] for each model.
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Fig. 6.3 (lower part) shows the PMI calculation for the same parameters as be-
fore, but without setting the progress of the development for each stage to a fixed
value. The 1-standard deviation values increase by 0.3 to 3.3 days. The resulting
uncertainty in the progress of the stage contributes about 75% to the total PMI
error interval. A similar result was also found by Tarone (Tarone and Foran, 2008)
using generalized additive models for the analysis of the growth rate of L. sericata:
the analysis of the stage alone achieved better results than the analysis of the length
or weight alone. In addition, the histograms show deviations from a clear single
peak structure, e.g. for the pupal stage, implying that the probabilities for a PMI
of 21 days and 26 days are nearly the same. To use the new model, the crucial pa-
rameter is therefore the correct determination of the progress in each developmental
stage.
6.3.4 Estimation of temperature at the location of maggot
collection
The impact of correct temperature determination at the maggot collection scene is
shown in Fig. 6.4. The data points represent the mean PMIs with an error bar of
1 standard deviation as a function of collection stage for three different tempera-
ture profiles. The triangles show the PMIs for the original temperature profile as
measured at Cologne/Bonn airport. The bullets (squares) show the results for the
same profile but subtracted (and added) by 2 ◦C. As expected, the PMIs and the
corresponding standard deviations of the lower (higher) temperature profile increase
(decrease) relative to the nominal profile. These differences in temperature of 2 ◦C
give rise to an effect of 15 - 30%. That implies that a miscalculation of the tem-
perature at the crime scene of 2 ◦C will result in a miscalculation of the PMI by
15-30%. The later the stage, the greater the deviation from the actual PMI.
6.3.5 Comparing PMIs based on a mean temperature and a
12-hourly temperature profile
In Fig. 6.5, PMIs calculated using the three temperature profiles introduced previ-
ously are compared to PMIs calculated using mean temperature values correspond-
ing to the originally used temperature profiles in the temperature interval [t0, tF ].
The calculated mean temperatures were as follows (calculated for the time frame
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Figure 6.3: Excerpt of the temperature profile during May and June 2008 in
Cologne/Bonn, Germany (www.wetteronline.de). The histograms illustrate the PMI
distributions of the different random models for a certain collection stage α. The
arrows at top show 1-standard deviation intervals around the mean PMIs for each
stage. Upper part: PMI calculation with parameters σT = 4/
√
12h, σt = 1 h,
σΘ = 2
◦C, σΘ,b = 3% for 10000 models for a fixed collection stage progress of
Pα = 0.5. Lower part: PMI calculation as before but the progression of the stage
is not fixed.
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Figure 6.4: PMI vs. collection stage for May/June 2008 Cologne/Bonn temperature
profile in comparison to profiles ± 2 ◦C.
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Figure 6.5: Calculation of PMI using mean temperatures and the actual temperature
profile for May/June 2008 Cologne/Bonn. Additionally, the temperature profile is
shown ± 2 ◦C.
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till completion of each stage): stage 0 = 18◦C, stage 1 = 19 ◦C, stage 2 = 20 ◦C,
stage 3 = 19 ◦C, stage 4 = 16 ◦C, stage 5 = 17 ◦C. The PMI values based on the
temperature profile and those based on a mean temperature value agree to within
about 5% for the high temperature value (original profile + 2 ◦C) in all stages. The
deviation between the mean temperature profile and the original temperature profile
exceeds the 10% level starting at the 3rd instar feeding stage, and increases to 25%
in the pupal stage. This effect becomes even more dramatic for the low temperature
profile (original profile subtracted by 2 ◦C). Starting from the 2nd instar stage, the
deviation increases from about 10% up to about 65% for the pupal stage. This
means that use of mean temperature values overestimates the influence of low tem-
peratures and underestimates periods of high temperatures. The effect should be
larger if the mean temperature during the development is lower still, e.g. in spring
or fall. In general, more data points are needed for the developmental duration at
low temperature ranges to provide more reliable statements.
6.3.6 Does the model work in a real case?
The PMI for a real case was calculated where the actual PMI was known due to a
confession of the offender. At the end of August 2007 the victim was killed in early
morning and was found 4 days later also in the morning on a grassland. This leads
to a PMI of approximately 96 hours. The victim was stabbed to death and had
several wounds which would act as attractant to the blow flies. It can be assumed
that blow flies started ovipositing early after death occurred (Reibe and Madea,
2010). Autopsy was performed directly after the corpse was recovered and several
2nd instar larvae of L. sericata were collected. The largest larvae measured 6.1 mm.
Hourly temperature values were taken from a weather station 10 km away. The
mean temperature was 16 ◦C. Using Grassberger and Reiter‘s isomegalen diagram
for a larva measuring 6 mm and a mean temperature of 16 ◦C results in a time
interval of 3.2 days plus 30 hours (larval development time plus egg period). In
total, a PMI of 107 hours is indicated. This would shift the time of oviposition to
nighttime, which is a highly unlikely event (Amendt et al., 2008). The same data can
be used to calculate the ADH value for L. sericata for reaching 6 mm to calculate
the PMI not based on the mean temperature but on hourly data. As mentioned
earlier, a regression analysis of the data set reveals a base temperature of 8 ◦C. The
corresponding ADH value is therefore 856, based on the equation:
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ADH = 107(16− 8) (6.4)
Subtracting the hourly ADH values, estimated by the temperature values from
the weather station and the base temperature, from the starting value of 856 results
in a PMI of 101 hours.
For usage of the new model information about the progress of the 2nd instar larval
stage was required. In the original work of Grassberger and Reiter (2001, Figure 1) a
figure is included showing the temperature dependent growth of the larvae and also
in the diagram the time points of each moult are shown. According to this figure,
the 2nd instar stage sets in after the larvae have reached a size of approximately 4
mm and ends when the larvae have reached a size of approximately 8mm. As the
largest larvae collected measured 6 mm, P=0.5 was chosen as progress for the larval
stage. The hourly temperature profile was inserted and a temperature error of 1 ◦C
was chosen. The result of the calculation was a PMI of 99 hours (SD = 3 hours).
The calculations of a PMI in a real case show that all three methods give rea-
sonable results. Furthermore, it becomes obvious that the new model is a possible
alternative for the existing methods with the benefit of directly providing a standard
deviation for the calculation.
6.4 Conclusion and outlook
The new model improves the larval age calculation in specific ways. It can be used
in non-linear parts of the temperature dependent development, and includes indi-
vidually defined uncertainties for a temperature profile determined retrospectively
from the nearest weather station. In the new model the temperature profile plus
the determination of the larval stage are translated into a mean PMI as well as a
standard deviation. PMI calculation using mean temperatures, however, can lead
to severe deviations from the real PMI.
So far, the main uncertainty arises from the fact that the developmental stage
is determined only on a 1 - 6 scale (egg, 1st instar, 2nd instar, 3rd instar feeding,
3rd instar post-feeding and pupae). As shown above, 75% of the uncertainties
in the model depend on the exact determination of the developmental progress,
and additional length values, as shown for the PMI calculation in the real case, will
propably increase its accuracy leading to more accurate PMI calculations. Moreover,
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the next step is to produce own growth data with known error values to refine the
inclusion of uncertainties that are only rough estimates at the present time and to
improve the till now only empirical model.
Nevertheless, the new PMI calculation program is suitable for use in forensic
case work as a general tool for PMI determination. Scientists from every country
or climatic region can incorporate their own growth values for different species and
ensure a high accuracy in PMI determination.
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Chapter 7
Growth modeling of Calliphora
vicina
7.1 Introduction
In the previous chapter, a new method to estimate the larval age was introduced.
The data used for establishing the new model are published values for the develop-
ment of Lucilia sericata (Grassberger and Reiter, 2001) from Vienna. Sarah Gulinski
repeated those experiments using flies originating from Bonn for her Diploma thesis
in 2009 (unpublished data). The aim of her thesis was to compare both sets of
developmental data, fitting the data from Bonn in the new model and to validate
the new model. The comparison of the developmental data from Bonn and Vienna
revealed that the larvae from Bonn needed more time to finish development at all
temperatures.
For the thesis, only five constant temperatures could be applied in contrast to ten
temperatures for the data collection from Vienna. The temperature values were 13,
19, 20, 21 and 25 ◦C. The three middle temperature values were chosen because in the
data of Grassberger and Reiter big differences were stated for the total development
time. Under constant temperatures of 20 ◦C total development was 4.7 days shorter
than under constant 19 ◦C , between 20 ◦C and 21 ◦C the difference was 3 days
for completing development. In the experimental setup for data collection for blow
flies from Bonn it was tested if these results could be reproduced. The resulting
developmental curves for both data sets are shown in Figure 7.1 A (Grassberger
and Reiter data) and C (Gulinski data). The data from Grassberger and Reiter
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Figure 7.1: Development of L. sericata. A: Time in hours for completing develop-
ment, B: developmental rate [1/devtime], area between arrows: temperature range
where the developmental rate can be regarded as linear (A and B Grassberger and
Reiter data, n= 10 for each temperature). C: Time in hours for completing devel-
opment, D: developmental rate [1/devtime] (C and D Gulinski data, n=4 for each
temperature).
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Figure 7.2: Development of L. sericata. A: Time in hours for completing each
developmental stage of L. sericata, A: Grassberger and Reiter data, B: Gulinski
data.
display the same curve shape proposed for poikilothermically development (Janisch,
1928), as discussed in chapter 1. Moreover, the corresponding developmental rate
reveals the supposedly linear part in which the ADH method can be applied (Fig.
7.1 B, area between arrows). According to this figure, the temperature range is
between 18.5 and 22 ◦C. The developmental curve (Gulinski data) based on only
five temperatures does not resemble the theoretically proposed curve shape (Fig. 7.1
B), as intermediate values between 13 ◦C and 19 ◦C and also temperatures above
25 ◦C are missing. Those would probably adjust the curve to the correct form.
Furthermore, the resulting developmental rate could be interpreted as linear over
the complete range of temperatures. These data would therefore be a poor start
for developing a new model. However, implementing these data into the existing
model gave good results. The model uses the form of the functions fitted to the
data of Grassberger and Reiter (Fig. 7.2 A) but bases the calculation on whichever
developmental data is put in (Fig. 7.2 B).
To check the model‘s universal character concerning other species, developmental
data were produced for the blow fly Calliphora vicina originating from Bonn and
implemented in the model. The chosen temperatures were the same as for data
collection of L. sericata data. Again, the basis of the model are the fitted functions
based on the Grassberger and Reiter data but the values established for C. vicina
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are used to calculate the larval age.
7.2 Material and Methods
7.2.1 Breeding of the flies
As originally published data from Vienna were inserted in the new model for PMI
calculation, it was important to test the model with data established for the devel-
opment of blow flies originating from Bonn. Wild specimens of L. sericata and C.
vicina oviposited on dog food which was provided in the open field. The hatching
larvae were reared till eclosion of the adult flies. These adults were the starting
population for the breeding. To capture genetic variation in the breeding specimens
from real cases were mixed with adults from the starting population.
Adult blow flies of C. vicina were kept in cages made of a wooden frame covered
with gauze (60x60x60 cm) (Fig. 7.3 A). 50 - 100 specimens were kept in the cages.
Water and sugar was provided constantly and pieces of wet dog food (Orlando,
Lidl) were served as protein source and oviposition site (Fig. 7.3 B). The room had
a window and in addition to daylight two light sources were present (Reptiglow 2.0)
in a 16:8 light:darkness (L:D) cycle to prevent larvae undergoing diapause.
In the morning of a new experimental run, a small sample of dog food (30 g) was
provided for the flies after a period of 1-2 days without access to meat. The dog food
was checked every 30 minutes. When egg patches were present, the dog food was
removed from the cage and prepared for the climate chamber as follows. A plastic
box (30x20x20 cm) was inlaid with paper towels to provide a suitable pupation site
for the larvae, a second, smaller plastic box (20x10x10 cm) was filled with 500 g of
dog food and put inside the larger plastic box. On the large amount of meat the
small pieces of meat (with egg batches) were added. The box was closed with a lid
that had several ventilation holes. Between box and lid a thin layer of gauze was
stretched to prevent escape of wandering larvae. The box was labeled properly and
put in the climate chamber (KB 710, Binder). Five different constant temperatures
were applied to at least two boxes prepared as described previously: 13, 19, 20, 21
and 25 ◦C. The climate chamber was also equipped with a light source in a 16:8
L:D cycle. The two boxes for each of the temperature regimes were put in the
chamber in 5 to 8 hour intervals. In the morning of the second day, the boxes were
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Figure 7.3: A: Cages for adult blow flies, B: Nutrition and egg deposition site for
the blow flies.
checked for hatched larvae. In hourly intervals the boxes were checked and the time
of hatching was noted. The following days 4-6 larvae were taken from the box twice
a day (10:00 am and 6:00 pm), killed in boiling water and preserved in 70% EtOH.
The age in hours, the length [mm] and the stage of the larvae were determined. The
post-feeding phase was defined as the onset of wandering when the larvae left the
food and were crawling underneath the paper towels. For implementing the data
in the model, a table with the mean durations in hours for finishing each stage in
relation to the temperature was generated.
7.2.2 Validation
To use the generated data for the development of C. vicina in the new model
and check for their reliability, different methods were applied. Firstly, C. vicina
oviposited on dead piglets (exposure time of the piglets about two hours) which
afterwards were put in boxes similar to those used for the breeding experiments.
The boxes with the dead piglets and freshly laid egg patches were put on the roof
of the Institute of Forensic Medicine. Next to the boxes a data logger (Ebro Ebi-6)
was placed to record the temperature every 30 minutes. The boxes were checked
daily and the onset of wandering and pupation of the larvae as well as hatching of
the adult flies were noted. The temperature data were used to calculate the PMI
starting from the days of hatching or alternatively the collected larval stage. The
PMI was calculated using the new model and the ADH method and the results were
compared to the real PMI. As reference data for the ADH values, published data
were used (Ames and Turner, 2003). All calculations using the new model were
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modeled 100 times and the base temperature of development, which is considered
by the model, was set to 4 ◦C (Ames and Turner, 2003). Furthermore, the PMI
was calculated with both methods using temperature data from the nearest weather
station (Institute of Meteorology, University of Bonn) as well as temperatures cal-
culated by a regression formula based on 24 hours temperature data recorded by the
data logger and temperature data from the weather station. Secondly, the climate
chamber was set to fluctuating temperatures (15/25 ◦C) and larvae were reared as
described previously. Again, the developmental stages were noted and the PMI
was calculated using the new model as well as the ADH method. The results were
compared to the real PMI. Thirdly, one real case was evaluated where the missing
interval and the post-mortem interval have most likely been identical so that the
results of the PMI calculation of the different methods could be compared to the
missing interval.
7.3 Results
7.3.1 Development of C. vicina under constant temperatures
Five constant temperatures (13, 19, 20, 21, 25 ◦C ) were applied to larvae of C. vic-
ina. The minimum duration for finishing each stage was determined and is shown
in Table 7.1. The total developmental time and the developmental rate are shown
in Fig. 7.4. Obviously, the total developmental time decreases with increasing tem-
peratures. However, the curve shape does not resemble the theoretically proposed
shape for poikilothermically development. As only five data points are available, it
is unclear how further data points would be distributed in between the existing data
points. Nevertheless, as pointed out before for the data for L. sericata, the data
for C. vicina are implemented in the model which is based on the ten data points
determined by Grassberger and Reiter. The model fits an exponential function for
the later PMI calculation to each new dataset. The resulting functions for the data
of C. vicina are shown in Figure 7.6.
As discussed in the previous chapter, for the best PMI results calculated by the
model it is important to estimate the progress of the developmental stage as precisely
as possible. In Figure 7.5 the distribution of the length of larvae in the 2nd and
3rd instar stage is shown for constant temperatures of 19, 20, 21 and 25 ◦C. The
96
7. Growth modeling of Calliphora vicina
Table 7.1: Minimum duration for finishing each developmental stage in hours of
larvae of C. vicina. SD = Standard deviation, pf= post-feeding larvae, pp = pupae
◦C egg SD 1st SD 2nd SD 3rd SD pf SD pp SD total SD
13 48 1.4 69 9.0 73 2.1 218 10.1 72 5.7 602 6.1 1082 7.1
19 28 1.5 43 4.2 21 1.5 148 9.2 48 4.2 336 4.2 624 12.9
20 24 1.4 41 4.9 27 1.4 200 14.1 72 4.0 300 7.1 564 7.3
21 22 1.4 42 8.1 31 3.0 113 13.7 32 14.4 300 20.0 540 32.8
25 20 0.7 28 4.2 19 2.9 91 4.5 82 12.1 168 5.3 408 8.5
Figure 7.4: Development of C. vicina. A: Time in hours till eclosion, B: develop-
mental rate.
growth of C. vicina in the 2nd instar stage seems to be linear but in the 3rd stage
it is not. The non-linear behavior of the development of larvae in the 3rd instar
impedes the use of length as an indicator to estimate the progress of development.
As shown in Figure 7.5, a larva of 17 mm can be found throughout two thirds of the
3rd instar stage.
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Figure 7.5: Correlation of the length of 2nd and 3rd instar larvae to their age in
hours, data produced at 19, 20, 21, 25 ◦C and pooled for the plot.
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Figure 7.6: Duration of development of each stage of C. vicina with fitted function
as determined by the model.
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7.3.2 Validation of the data for C. vicina implemented in the
new model
Piglets
For the validation of the model using the developmental data established for C.
vicina under five constant temperatures three dead piglets were exposed on the roof
of the Institute of Forensic Medicine, Bonn at different times. The egg batches were
deposited by C. vicina on the piglets inside the breeding cages to assure that the
eggs are deposited by the correct species and also to observe the time of oviposition.
The first piglet was exposed in July 2009. The total developmental time from egg
till eclosion of the adults were 21 days (509 hours). The mean temperature was 21.5
◦C . The actual temperature was recorded every 30 minutes and was used for the
calculations. The model calculated 517 hours (SD = 15.2) till the end of the pupal
stage after the temperature error was set to 0.1◦C as the data logger was lying
directly next to the box. The real PMI lies within the given standard deviation.
The ADH method calculated 498 hours. As mentioned before, the method can not
give a standard deviation. Using hourly temperature values from the meteorological
station of the University Bonn the model calculated a PMI of 547 hours (SD = 7.2,
temperature error = 1 ◦C ), which is much too long. The mean temperature from the
weather station was 20.2 ◦C . The ADH calculation based on the hourly temperature
values measured at the weather station resulted in 533 hours post-mortem. Using a
regression formula (see eq. 7.1) to adjust the temperature values from the weather
station (x) to the actual values recorded on the roof the model calculated a PMI of
528.2 hours (SD = 9.9, temperature error = 1 ◦C ). The ADH method calculated
496 hours post-mortem. The following regression formula was used:
Temperature = −2.563 + (1.163 ∗ x) (7.1)
Table 7.2 shows the percentage deviation from the real PMI after applying both
methods (new model and ADH method) using three different temperature datasets:
recorded by the data logger (l), measured at the weather station (w) and values
calculated using a regression formula (r). The smallest deviation was achieved when
using the new model and the actual recorded temperature (1.6 %). With both
methods the deviations were largest when using temperature data from the weather
station. The regression-based temperature values achieved better results than the
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data from the weather station for both methods. Using the actual temperature
data and the regression-based data in the ADH method underestimated the PMI.
However, using the new model for the calculation slightly overestimated the PMI.
The second piglet was exposed at the end of July 2009. For this trial, larval
age was calculated for 3rd instar larvae. All later stages could not be included as
heavy rainfall influenced the development drastically, as the larvae either drowned
or eclosion was severely delayed. The progress of the developmental stage was set to
random, the temperature error to 0.1 ◦C. The larvae were collected after 130 hours
of development and the mean temperature was 21.9 ◦C. The program calculated a
PMI of 135.8 hours (SD = 29.1). As the stage progress was set to random, the SD
is rather large. The ADH calculation could only be conducted using the literature
value for finishing the 3rd instar stage which resulted in 172 hours. However, as the
larvae had not reached the end of the 3rd instar stage at collection time this value is
only a very rough estimation. In 1984, Reiter published developmental data for C.
vicina reared at 22-23 ◦C. He shows a table including the age of the larvae in days
and the corresponding length. The larvae collected from Pig 2 measured in average
18.5 mm. According to the Reiter table, the larval age of the collected larvae ranged
between 97.4 and 133.4 hours (Reiter, 1984). The real PMI lies within this range
but each value within this range is as probable as any other value within the range.
The model calculation based on temperatures from the meteorological station
resulted in 152.34 (SD = 39.8) when the stage progress was set to random. The
mean temperature was 19.9 ◦C. The regression formula to adjust the data from the
weather station (x) was as follows:
Temperature = −3.082 + (1.25 ∗ x) (7.2)
After applying the regression analysis to the data from the weather station the
model calculation resulted in a PMI of 138.5 hours (SD = 38.9) when assuming a
temperature error of 1 ◦C. In table 7.2 the percentage deviation is shown only for
the calculation of the PMI by the new model and the different temperature sets.
The deviation using the actual temperature values was 4.5 %. Again, using the tem-
perature values based on the regression formula achieved better results than using
the data from the weather-station (station: 17.2 % , regression: 6.5 % deviation). In
general, as discussed before, setting the progress of the stage to random will never
reveal results as accurate as when using a fixed stage progress.
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Table 7.2: Percentage deviation from the real PMI calculated by the new model
(Ml) and the ADH method (ADH) using the temperature data from the datalogger
(l), the weather station (w) and the calculated values using a regression analysis (r),
temp = mean temperature.
real PMI run Ml l Ml w Ml r ADH l ADH w ADH r temp
509 hrs Pig 1 1.6% 7.5% 3.7% -2.2% 4.7% -2.6% 21.5◦C
130 hrs Pig 2 4.5% 17.2% 6.5% 21.9◦C
408 hrs Pig 3 16.6% 22.3% 14.7% 7.6% 8.3% 11% 9.6◦C
The third piglet was exposed in October 2009, the mean temperature was 9.6 ◦C.
After 408 hours, larvae were collected at the end of the third instar stage. Using
temperature data recorded by the data logger, the new model calculated the age of a
third instar larvae with the stage progress fixed at the end of the stage as 475.8 hours
(SD = 15 hours). This is a percentage deviation of 16.6 % (Table 7.2). The result
when using data from the weather station was 499.8 hours (SD = 28.9, deviation:
22.3 %) and after using the regression based temperature data it was 469.9 (SD =
22.5, deviation: 14.7 %). The results of the ADH method were as follows: actual
temperature data: 439 hours (deviation: 7.6 %), data from the weather station:
442 (deviation: 8.3 %) and data calculated after applying a regression formula: 453
hours (deviation: 11 %). The regression formula for this run was as follows:
Temperature = −2.34 + (1.21 ∗ x) (7.3)
The estimations based on the ADH method were better than those calculated by
the new model, although the temperature was in a range where the ADH method is
supposed to be unreliable.
Fluctuating temperatures in the climate chamber
Additionally to constant temperatures, two runs were carried out under the influence
of fluctuating temperatures in the climate chamber. The larvae experienced twelve
hours of 15 ◦C and twelve hours of 25 ◦C. Under constant 20 ◦C completion of the
life cycle of C. vicina took 564 hours (SD = 7.3). Under fluctuating temperatures
development took 576 hours (SD = 2.8). The model calculated 558.6 hours (SD =
6.9). Using the ADH method, 540 hours were calculated.
Analysis of the percentage deviation (Table 7.3) reveals that the largest aberration
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Table 7.3: Percentage deviation from the real PMI estimated under fluctuating
temperatures (15 and 25 ◦C) of the values estimated at constant temperatures,
calculated by the new model for and the ADH method for fluctuating temperatures
(15 and 25 ◦C).
real PMI constant temp model calculation ADH calculation
564 hrs 2.1% -1% -4.3%
was achieved when using the ADH method (-4.3 %). This is a difference of 24 hours.
The result of the model‘s calculation is only 1 % deviation and therefore very close
to the real PMI, closer then the time interval measured for constant 20 ◦C.
Real case
On the evening of July 1st, 2009 a mother reported her son missing. She has seen
him in the morning of July 1st, 2009 for the last time. In his room she found a
suicide note. On the afternoon of July, 3rd 2009 the boy was found dead in a nearby
forrest. The death was due to hanging. From the time he has last been seen till
the time of finding 55 hours had past. The corpse was transported to the Institute
of Forensic Medicine instantly and kept in a cooling chamber (4 ◦C) till July 7th,
2009 when he was autopsied (144 hours after he has last been seen alive). During
autopsy, larvae of C. vicina were collected, killed with boiling water and preserved
in 80 % EtOH. The most-developed larvae measured 12.5mm (3rd instar larvae).
The temperature values were taken from the nearest weather station (Institute of
Meteorology, University of Bonn), recorded in hourly intervals. An inspection of the
finding place was not conducted, so that no reference temperature data could be
collected. The temperature data from the weather station for the missing interval
and from the cooling device were inserted in the model. The temperature error was
set to 1 ◦C. The progress of the developmental stage was set to 0.1 as a length of
12.5 mm only occurs at the beginning of the 3rd instar stage (Fig. 7.5). The model
calculated a PMI of 151.5 hours (SD = 7.5 hours). This is slightly longer than the
missing interval (144 hours) but the correct result lies within the standard deviation.
For the calculation of the PMI with an alternative method only the developmental
data from Reiter can be consulted (Reiter, 1984). There were two possibilities for
the calculation of the PMI using Reiters development table: either one assumed
that below 4 ◦C no development took place and the mean temperature value for
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the time the corpse was hanging in the forrest (23 ◦C) was used. Reiter noted 66
hours at 22-23 ◦C till the larvae measured 12 mm. This would indicate a oviposition
time when the person was still alive. The second possibility was to calculate a mean
temperature value for the hanging time plus the cooling period: 12 ◦C. According to
Reiter, development till a length of 12 mm under constant 12 ◦C takes 216 hours.
This time interval is also too long. To sum up, when using the data of Reiter it
was not possible to calculate a PMI that fitted the missing interval, the calculations
always lead to a oviposition time where the boy was still alive. The model also
calculated a slightly longer interval, which is nevertheless correct within the given
standard deviation.
7.4 Discussion
Calculation of the post-mortem interval (PMI) is one of the most important ap-
plications in forensic entomology. The age of the most developed blow fly larvae
can give reasonable information about the minimum time a person has been dead
(Catts and Goff, 1992). Two different methods of larval age calculation are fre-
quently used: isomegalen diagrams and ADH method. In both methods it is not
possible to estimate standard deviations or the goodness of the calculation. Fur-
thermore, the ADH method is only reliable between certain temperature thresholds
where the developmental rate behaves linear. A data set of developmental values for
L. sericata (Grassberger and Reiter, 2001) was used to develop a new model for the
calculation of larval age (see previous chapter). When analyzing the developmental
rate of L. sericata based on the data of Grassberger and Reiter the linear part lies
between 18.5 and 22 ◦C (Fig. 7.1 B). Obviously, the temperature range in Central
Europe is much wider. The new model is based on the actual developmental curve
for each of the developmental stages by applying an exponential function (Fig. 7.2
A). The form of the exponential function is the base of the program but data sets
for the development of different species can be put in. For each data set the ex-
ponential function is fitted newly and the calculation is based on the values of the
selected data set (Fig. 7.2 B, 7.6). The model is designed to include sources of
error such as temperature inaccuracies and to calculate a standard deviation. To
validate the model‘s goodness developmental data for blow flies (L. sericata and C.
vicina) originating from Bonn were produced and implemented in the model. The
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data of L. sericata were processed in the Diploma thesis of Sarah Gulinski. The
data of C. vicina were generated and validated during this work. Generation of the
developmental data occured under five constant temperatures: 13, 19, 20, 21 and 25
◦C. Validation of the data was performed by exposing three dead piglets with egg
batches from C. vicina under natural temperature regimes. In different stages of
the development specimens were preserved as if they were material from a real case
and the PMI was calculated using the new model and also the ADH method. In
one case, development was completed, in one case the progress of the developmental
stage (3rd instar) was unknown and in the third case the larvae developed to the
end of the third larval stage. In the first two runs the mean temperature was about
21 ◦C and in the third run it was below 10 ◦C. Although only 5 data points were
experimentally determined, the results of the model‘s calculations were good. In
the first run, development till eclosion was completed, the time of hatching of the
adult flies in the experimental box was observed with an accuracy of a few hours.
A comparison of the calculation of the developmental time by the new model and
the ADH method reveals that the new model gave the better result. The devia-
tion from the real developmental time was 1.6 % for the model and -2.2 % for the
ADH method. Nevertheless, results that good could only be achieved when the ac-
tual temperatures recorded by the dataloggers were used. Using temperature values
from the nearest weather station for both methods resulted in deviations between 5
and 7 %. However, also good results were achieved when determining a regression
formula based on temperature data recorded on the actual exposure site for 24 hours
and the corresponding data from the weather station and applying the formula to
the data from the weather station for the complete exposure interval. When using
the regression based temperatures, the ADH method achieved better results than
the model (-2.6 % deviation for the ADH method, 3.7 % for the new model) but the
calculated PMI was too short. In this case the piglet was exposed 21 days till adult
flies were observed (morning till morning). The model‘s calculation resulted in 21.5
days, so that in an official report the correct day would still be stated. The ADH
method however, resulted in 20.5 days, which lead to a probable egg deposition time
of 11:30 p.m. As blow flies will not oviposit during night-time (Amendt et al., 2008)
one would probably conclude that oviposition took place in the morning of the next
day. This decision would obviously increase the percentage deviation from the real
PMI. In general, the use of five data points as input in the model seems to give re-
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liable statements about the PMI, although the developmental rate (Fig. 7.4 B) did
not result in a curve shape proposed for poikilothermically development. This is due
to the fact that the model uses the form of the exponential function as developed
using the data of L. sericata (Grassberger and Reiter, 2001) and fits the function to
the implemented data, in this case Table 7.1 for C. vicina. The ADH method also
gave reasonable results. This was expected as the experimental temperature range
matched the temperature span in which the ADH method can be applied.
The second piglet was exposed under similar temperatures as the first one (mean
temperature: 21.9 ◦C). However, the larvae of question were collected during the
3rd instar stage. This means that the progress of the stage was unknown. For
the program it is possible to include the progress of the stage as random but for
the ADH method it is not. One way would be to breed the larvae at a known
temperature till the end of the stage or the end of development. If that is not
possible because the larvae were already preserved one can calculate the age by using
the literature value for the end of the stage and consider the introduced uncertainty
as such. Another way is to check the literature for other developmental data. Both
methods are not very accurate, as to be seen in the results. In the example of the
Reiter data, one uncertainty is introduced as he gives a range between 22 and 23
◦C as temperature value. As discussed previously, a difference of 1 ◦C has a huge
impact on the developmental duration. As the collected larvae did not finish the
3rd instar when preserved, PMI estimation using the ADH method was neglected.
The model however, can include the progress of the larval stage as random, which is
a big advantage. The resulting standard deviation is consequently increased but a
reasonable statement can still be given. In the example of pig 2, the calculated larval
age deviated in a 5 % range from the actual PMI. However, using temperature data
from the weather station increases the deviation to 17 %. So also in this case the
accuracy is higher when using a regression analysis and adjusting the temperature
values from the weather station to the actual finding place.
The model was originally designed to assure higher accuracy in temperature
regimes the ADH method is not reliable. The third piglet was exposed under a
mean temperature regime of 9.6 ◦C. The results of the calculations showed however
that the percentage deviations from the real PMI of the estimations based on the
new model were higher than of the results of the ADH method. Nevertheless, the
deviations of the results calculated with the ADH method were higher than for the
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other temperatures. The lowest temperature that was applied to generate the de-
velopmental data of C. vicina was 13 ◦C. The originally implemented data of L.
sericata did not include temperatures lower than 15 ◦C. As a result, the model has
to extrapolate the values for colder temperatures. The big advantage of the model
is that data for lower temperatures can be generated and additionally inserted to
improve the results given by the model. For the ADH method this is not possi-
ble. Nevertheless, also in this trial an improvement can be noted when using the
regression formula to adjust the data from the weather station, although the best
results are always achieved when using the actual temperature data recorded at the
experimental scene.
The analysis of the data generated under fluctuating temperatures emphasizes the
problem discussed in chapter 1.4.2: the complete developmental time differs from
the developmental time estimated at the corresponding mean temperature value. A
comparison of the values of the percentage deviation from the actual measured time
interval from egg till eclosion shows that the calculation of the PMI using the new
model gives the best results, it differs only by 1 % although the data points were
estimated under constant temperatures. The result of the ADH calculation differs
by nearly 5 %. This was expected as the temperature reached values below the area
in which it is safe to use the ADH method.
Evaluation of a real case in which the missing interval was probably identical to
the post-mortem interval revealed that the use of the new model lead to much more
accurate results than using other developmental data. The percentage deviation
between the result calculated by the new model and the real PMI was 5 %. The
calculated PMI values based on the Reiter data deviated up to 20 % and 50 %,
respectively, from the real PMI. These are severe differences which indicate strongly
the use of the new model. To estimate the progress of the developmental stage
the length of the larvae was used and related to the scatter plot showing all sizes
occurring during the 3rd instar stage. In this case it was safe to conclude that a
12 mm long larvae had entered the 3rd stage recently. In the case of piglet 2 a 18
mm long larvae was collected. Figure 7.5 shows the wide span of 3rd instar larvae
measuring 18 mm, therefore the calculation was conducted with a random progress
of the stage.
When calculating the PMI in a real case, no regression based temperature data
could be used since no inspection of the finding place was carried out. Nevertheless,
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the calculation fitted well, in contrast to the piglet trials, where the adjusted data
were the better choice in all cases. This might be because the corpse was exposed
in a shaded, sun protected area whereas the piglets were exposed on the roof of the
institute. The sun will shine on the roof for most part of the day and generate more
heat than at the place where the weather station records the temperature. The me-
teorological station of the University of Bonn states on their webpage that according
to the choice of the location a systematical error is introduced in the measurement
of the temperature as a shading due to adjacent buildings and vegetation occurs in
the afternoon. These microclimatically differences between the weather station and
the finding place of a corpse can have severe effects as to be seen in the piglet trials.
The best way is to visit the finding place and to take temperature measurements on
site. Then it can be assured that the microclimatically differences can be recognized
and considered in the following calculation.
Conclusion:
• The main reason for creating a new model was to establish a method that
gives a standard deviation for the PMI calculation. The SDs as calculated for
the experimental trials provided a reasonable range the real PMI lied within.
As discussed, the SD increases when the progress of the stage is unknown.
Therefore it is important to establish a method that determines the progress
dependable or one should breed the collected maggots till eclosion under known
temperatures.
• Temperature data from a weather station nearby the collection scene must
be considered carefully. Instead of using the data plainly, one could record
the temperature for 24 hours at the collection scene and apply a regression
analysis to adjust the data from the weather station. If this is not possible the
temperature error for the model‘s calculation should be increased. Further-
more, in cases where larvae are collected indoors it is important to know how
the strongly temperature fluctuated. As to be seen in the PMI calculation in a
real case, the microclimatical differences between weather station and finding
situation must be considered and if they do not differ dramatically, using these
data will lead to good results.
• Even in temperature regimes where the ADH method is supposed to be reli-
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able, the new model achieved slightly better results.
• In temperature regimes beyond the reliable ADH range the model does not
yet achieve better results but can be improved by inserting more data points
extended to colder temperatures.
• Fluctuating temperatures are considered much more reliable by the new model
than by the ADH method. The new model does not use the corresponding
mean value but applies for every developmental step the real temperature.
This leads to much better results.
• A big advantage is that every data set can be implemented in the model. Every
forensic entomologist can use his or her own developmental data estimated for
their geographical region.
• Nevertheless, a lot of additional data must be produced to improve the model








Forensic entomology is a research field that might be considered both old and new.
The observation of insects infesting decomposing material has probably been made
since the existence of mankind. The application of this observation in investigation
of crime cases, however, is still a new discipline and has huge research potential.
Knowledge about behavior, development and colonization patterns of corpse asso-
ciated insects form the basis for forensic entomology.
8.1 Ecology: how environmental factors dictate be-
havior
Ecology can be considered as a description of interactions between organisms and
their environment (Speight et al., 2008). In forensic entomology, arthropods found
in close proximity to a corpse or a crime scene are investigated in relation to the
environmental factors that influenced their behavior. One of these environmental
factors is the location: in a wider sense the country or the region and at a smaller
scale micro-climatic regions such as indoors or outdoors, bright sunlight or a shaded
area. Other factors are the climatical circumstances, interactions with other organ-
isms and the decomposition stage of the primary habitat: the corpse. All these
influences have to be factored in when conclusions are to be drawn about e.g. a
post-mortem interval based on entomological evidence.
The location in a wider sense (country or region) is important as some insect
species do not occur world-wide. Some species that are very commonly found on
carcass in the United States as L. coeruleiviridis (Tabor et al., 2004) or Chrysomya
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rufifacies (Shahid et al., 2000) are not present in Central Europe. Thus, correct
species identification followed by a survey about the distribution of the identified
species are crucial in working with real cases. The location in a narrower sense is
important as the colonization time by arthropods can vary. As shown in chapter
4, carcasses exposed indoors are infested by blow flies with a delay of up to 24
hours. Obviously, for the trials only one type of house in one area was used and
also only small carcasses (dead piglets). Nevertheless, Anderson showed recently
that a larger pig carcass (42 kg) was infested up to 5 days later when being exposed
indoors compared to outdoors (Anderson, 2009). The experiments were conducted
in Canada in late May and the piglets were clothed. The experimental setup however
did not include a tilted window, instead two windows were open (that is the lower
part is pushed upwards underneath the upper part) but screened and one screen
had a small hole in the mesh. Although the piglets were larger than the ones
used in the experiments for this thesis they were not infested faster in the indoor
location. It seems as if the access for the flies is the limiting factor and not the
arising odors since larger carcasses should produce more smell. Also, open but
screened windows will allow the smell to diffuse easily. Nevertheless, access through
a small hole in the screening seems for blow flies to be more difficult than entering
through a tilted window as the flies in Anderson‘s trials arrived several days later
than in the experiments for this thesis. Moreover, it seems that a lot of factors
influence the infestation time in indoor scenarios and although it is safe to say
that indoor carcasses will be infested with a delay it is necessary to conduct much
more experiments to test for more variables. Moreover, not only the behavior of
adult blow flies is influenced by the location but also the behavior of the larvae.
Outdoors, wandering larvae can proceed for several meters till they find a suitable
place for pupation. Indoors, they are limited by walls, carpets and furniture and
might pupate faster than outdoors. Certainly, pupal cases are more easily found
indoors than outdoors. Finishing the thoughts on the impact of the location, it
seems also of importance how cultural scenarios influence experimental designs. As
shown in the comparison of the indoor trials in Canada and Germany, it becomes
obvious that the concept of a window for example is not the same in every part of
the world and can therefore lead to different results in similar experiments.
But not only an indoor scenario can delay the infestation with blow fly eggs; also
wrapping the corpse or storage in a trash can be an obstacle for arthropods. For a
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PMI calculation it is nonetheless inevitable to determine the time interval the insects
took to reach the corpse as accurately as possible. Not many experiments have
been conducted to cover that problem. The indoor/outdoor experiments designed
for this thesis were among the first and their results show their importance: an
unrecognized delay in insect infestation can lead to severe miscalculations of the
PMI. Moreover, the list of finding situations of corpses can be continued easily:
buried corpses (different depths) (Amorim and Ribeiro, 2001; Merritt et al., 2007;
Turner and Wiltshire, 1999; VanLaerhoven and Anderson, 1999), bodies in water
(Haskell et al., 1989; Hobischak and Anderson, 2002; Tomberlin and Adler, 1998),
bodies in vehicles (Voss et al., 2008), burned bodies (Avila and Goff, 1998; Pai et al.,
2007) and bodies in garbage bins (Reibe et al., 2008). As shown in the case of the
latter scenario the main question that arose concerned the accessibility of the corpse
for insects and the consequences for the estimation of the PMI.
Temperature as an environmental factor influences the developmental behavior
of blow fly larvae dramatically. Therefore, the microclimate of each location is of
great importance and must be determined as accurately as possible as it influences
temperature values the developing larvae experience (see 8.2). Unfortunately, it is
sometimes difficult to reconstruct the climate at the finding place of a corpse and
one has to work with assumptions and approximations, for example when recording
temperature values after the finding and relating those to values recorded at the
nearest weather station. In the same manner as the larval development is influ-
enced by temperature, the decomposition rate is temperature dependent too. As
shown in chapter 1, different decomposition stages attract different insect species.
Therefore, to reconstruct a timeline since death, it is most important to include all
environmental factors dictating arthropod behavior and development.
8.2 Development: calculating larval age with the
devil in the detail
The application used most in forensic entomology is the estimation of the PMI
based on the developmental progress of blow fly larvae developing on the corpse in
question. As shown in chapter 1, several methods are used to calculate the larval age
based on the progress of the development and the temperature that influenced the
larvae during their development. In chapter 6, a new model to calculate larval age
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Figure 8.1: Development of D. melaogaster and corresponding hormone titers be-
tween 2nd larval stage and onset of pupariation (white puparium = WP) (from
Riddiford et al. 2003)
was introduced based on the actual non-linear development curves. The method
was validated using developmental data for L. sericata and C. vicina originating
from Bonn, Germany and gave rather good results (chapter 7). All calculations of
a PMI were reasonable. In the recent published 2nd edition of the book "Forensic
Entomology. The Utility of Arthropods in Legal Investigations" in the chapter on
insect development it is said that curvilinear models have no improvement over linear
models. It is also said that perhaps the failure of curvilinear models is related to
accumulation of errors in the estimates of parameters needed to drive such models
(Higley and Haskell, 2009). However, as shown in chapter 7, the calculations of a
PMI by the new curvilinear model achieved in most cases more accurate results than
the calculations by the non-linear ADH method.
One difficulty in using the model properly, apart from the correct determination
of the temperature values that actually influenced the developmental rate, is the
determination of the progress within the developmental stage. One way certainly is
to observe the further development of collected larvae under known temperatures. If
that is not possible, the model allows to include the progress as random which leads
to results with an enlarged standard deviation. However, it might be useful to find
a method that allows correct determination of the stage progress of the collected
larvae. As shown in chapter 1, development is under control of several hormones.
In Figure 8.1 the hormone titers of juvenile hormone (JH) and ecdysteroids during
the development of D. melanogaster are shown in relation to the progress of the
2nd and 3rd developmental stage (Riddiford et al., 2003). It might be a reasonable
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idea to estimate the concentration of mRNA of certain developmental genes during
larval development to refine the determination of the progress of each developmental
stage.
8.3 Cases
The choice of the Institute of Forensic Medicine as research facility brought the
benefit of real case work. About 65 cases involving insect material were collected
and evaluated. In 18 cases the corpse was found outdoors. Indoor cases were often
very much alike: A socially isolated person died alone in his/her apartment and was
found several days or weeks later in an advanced stage of decay as well as blow fly
larvae infestation. For all indoor cases it was impossible to verify the calculated
PMI as nobody reported the persons missing. As shown in chapter 4, the best
results when working on PMIs of indoor corpses could be retrieved when specimens
of Phoridae infested the corpse as they often reached it faster than the blow flies
(Reibe and Madea, 2009).
The blow fly species found in all cases were L. sericata, C. vicina, P. terraenovae
and rarely C. vomitoria and L. caesar. L. illustris which was caught during the
indoor/outdor experiments was never observed in a real case.
In all outdoor cases the insect evidence proved to be a good complement to other
methods used by the police and medico-legal doctors. In one case, an accidental
death of a mentally sick person, the police extended their search in the missing
person‘s reports to one year earlier than indicated by the medico-legal doctors due to
my report on the insect evidence and could identify the person eventually (Appendix
A, first report). In other cases, the insect evidence could confirm results of the police
investigations (Appendix A, second and third report), (Reibe et al., 2008).
The outdoor cases in contrast to the indoor cases were all very different. In
two of the outdoor cases someone was murdered, in several cases it was suicide or
an accident. However, the circumstances, the finding situations, the climate, the
season and the missing intervals were all very different. That made it difficult on
the one hand to evaluate all factors, as discussed previously, but on the other hand
it accounted for the magic of the field: using biological evidence to solve a riddle.
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8.4 Conclusion and Outlook
Forensic entomology is a promising field of research that will hopefully become
implemented in routine case work in institutes of forensic medicine. Although several
aspects still have to be researched, the basics are useful tools in post-mortem interval
estimation. Knowledge from physiology and ecology of insects (Reibe and Madea,
2010) can be coupled with genetic tools (Reibe et al., 2009) to improve both basic
research and application in real case work.
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Das Gutachten stützt sich auf: 
- die Untersuchung der am Leichnam gefundenen insektenkundlichen Asservate, 
sowie die Begutachtung des Fundortes in Bezug auf weitere Insektenspuren sowie 
Bodenbeschaffenheit. 
 
A) Insektenspuren am Leichnam 
Während der Sektion der skelettierten Leiche am 30. Juli 2009 wurden im 
Leichenbergesack Maden der Art Piophila casei (Käsefliege) gefunden. Des 
Weiteren wurden unter der teilweise vorhandenen, vertrockneten Kopfschwarte 
Käferlarven asserviert (Abb. 1). Da die meisten Leichenteile vollständig skelettiert 
waren und einige Bereiche nur bereits vertrocknete Gewebereste aufwiesen (Abb. 
2), war die Nahrungsgrundlage für eine reichere Insektenbesiedlung nicht gegeben.  
 
        
 
Piophila casei gilt als später Leichenbesiedler [1], die Larven werden an Leichen im 
„fortgeschrittenen“ Verwesungszustand gefunden [2]. In der Literatur wird von 
einem Auftreten von Piophila casei sowohl nach 2-3 Monaten als auch nach 
mehreren Jahren der Liegezeit, z.B. bei Exhumierungen nach bis zu zehn Jahren, 
gesprochen [3]. 
Abb. 1: Schädel mit unter der Kopfschwarte 
befindlichen Käferlarven 





Die Käferlarven unter der Kopfschwarte konnten nicht zweifelsfrei identifiziert 
werden, ähneln in ihrer Morphologie aber denen, die wir an einem skelettierten 
Leichnam nach einer 2-jährigen Liegezeit an Geweberesten an den 
Mittelfußknochen beider Füße (noch lagegerecht in Strümpfen und Stiefeln) fanden. 
 
B) Fundortbesichtigung 
Der Fundort befand sich auf einer steilen Böschung direkt am Parkplatz der 
Drachenfelsbahn in Königswinter hinter einem Betonpfeiler der darüber 
verlaufenden B 42. Die Böschung war stark begrünt (Abb. 3), sowohl mit 
Bodengewächsen (brombeerähnliche Rankenpflanzen und Efeu) als auch mit sehr 
hohen Bäumen die in etwa die Höhe der B 42 erreichen. Durch den starken 
Bewuchs lag der Leichenfundort dauerhaft im Schatten (Abb. 4). 
                  
 
 





Nach ausführlicher Untersuchung des Fundortes auf weitere Insektenasservate und 
in Hinblick auf den Zustand des Waldbodens konnte bloß eine Puppe der Art 
Calliphora sp. (Schmeißfliege) gefunden werden. Der Zustand des Waldbodens war 
feucht und locker, es fanden sich keinerlei Reste von Leichenflüssigkeit, 
Geweberesten oder Ähnlichem. Des Weiteren fanden sich auch keine 
Bekleidungsstücke oder Schmuck. 
 
C) Auswertung 
Vorrangig wurde um Prüfung gebeten, ob die Leichenliegezeit im Zeitraum weniger 
Monate liegen könne. Dies würde bedeuten, dass die Insekten innerhalb weniger 
Monate einen erwachsenen Menschen bis auf wenige vertrocknete Gewebereste 
skelettiert hätten. Da die Temperaturen erst Anfang April 2009 Werte erreichten, die 
die Aktivität von Schmeißfliegen garantieren, wären ab ca. Mitte April 
Schmeißfliegenmaden präsent gewesen. Damit in 3-4 Monaten 
Schmeißfliegenmaden einen kompletten Körper auffressen könnten, so dass nur 
Knochen übrig blieben, müsste der Leichnam unbekleidet gewesen sein und es 
müssten extrem viele Maden beteiligt sein. Um sich von der Larve zur adulten 
Fliege zu entwickeln, wird das sog. Puppenstadium durchlaufen. Die adulte Fliege 
schlüpft aus der Puppenhülle, welche am Entwicklungsort zurück bleibt. Eine 
enorme Menge an Maden müsste also eine enorme Menge an Puppenhüllen 
zurück lassen. Am Fundort fanden sich jedoch bloß eine vereinzelte Puppenhülle 
und überhaupt keine weiteren leichenassoziierten Insekten. 
In einem Experiment mit einem toten Schwein (ca. 80 kg) wurde beobachtet, wie 
stark der Boden nach einer 2-monatigen Liegezeit (Anfang Juni bis Ende Juli) 
belastet war. Es fanden sich enorme Versickerungen des Leichengewebes, in 




Leichnams weiter entwickelten. Des Weiteren war der Schweinekadaver nach einer 
2-monatigen Liegezeit noch weit von einer kompletten Skelettierung entfernt. Es 
waren zwar der Schädel freigefressen, sowie der Bauchraum komplett eröffnet und 
freigefressen, die Hautpartien in Schulter-, Rücken- und Beckenbereich waren aber 
noch vollständig intakt und teilweise vertrocknet. 
Der Boden am Fundort war der Beschaffenheit nach „normaler Waldboden“, locker 
und feucht, zudem konnte auch kein Geruch nach Verwesung festgestellt werden. 
Schließlich ist festzustellen, dass eine Liegezeit von 3 – 4 Monaten nur vorliegen 
kann, wenn ein unbekannter Faktor dies begünstigt hat. Möglich wäre unter 
Umständen eine Verbringung der bloßen Leichenteile zum Fundort. Dies würde den 
sauberen Boden erklären. 
Ist dies ermittlungstechnisch auszuschließen, ist es frühestens im Frühjahr/Sommer 
2008 zur Zersetzung des Leichnams am Fundort gekommen. So blieb genügend 
Zeit, dass verschiedene Besiedlungswellen durch diverse Insekten eine 
vollständige Skelettierung bewirkt haben könnten. Des Weiteren blieb genug Zeit, 
dass Regen und Schnee gewebsgetränkte Erde und Insektenreste auf der sehr 
steilen Böschung runtergespült haben und der „Normalzustand“ des Waldbodens 
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Am 3. September 2008 wurden im Institut für Rechtsmedizin Leichenteile begutachtet, die in Bonn 
Ippendorf an verschiedenen Stellen gefunden worden waren.
Das Institut ist akkreditiert nach
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und Forensische Biologie
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Die ersten zur Untersuchung überbrachten Teile befanden sich in einem blauen Müllsack, aus dem 
bereits Maden herauskrochen (Abb. 1).
Die Leichenteile hatten bis zur ersten Begutachtung bereits mehrere Stunden in dem Müllsack 
gelegen und es war nicht zu rekonstruieren, welche Teile am Fundort zusammen gelegen hatten. Im 
Müllsack fanden sich ein halber Torso, zwei Unterschenkelteile und diverse kleinere Teile (Abb. 2 A-
C). An allen Stücken wurden Laubreste, Erde und Pflanzenteile gefunden. Später wurde separat der 
linke Arm gefunden (Abb. 2 D), sowie der Kopf (beides gefunden am 4. September 2008) und 
weitere Teile des Torsos und der Beine (gefunden 8. September 2008). Der Kopf wurde in einer 
Plastiktüte unter Gebüsch gefunden, weitere Teile des Torsos und der Beine wurden vergraben im 
Garten des Hauses der Verstorbenen gefunden. An allen größeren Stücken fand sich starker 
Madenbefall.
Insektenasservate
Es wurden zu verschiedenen Zeitpunkten Maden asserviert: am 3. September 2008 16:00 Maden 
aus dem blauen Müllsack (Abb. 1), sowie am 4. September 2008 20:00-22:00 Uhr vom linken Arm 
(Abb. 2 D), sowie vom Kopf). Die Maden wurden asserviert, mit kochendem Wasser überbrüht und 
schließlich in 80% Ethanol gelagert. Des Weiteren wurden tote Fliegen asserviert. Die 
insektenkundlichen Asservate wurden fotografisch dokumentiert und die Tierarten wurden 
bestimmt.
Abb. 1: Blauer Müllsack auf Sektionstisch mit herausfallenden Maden
A B
C D
Abb. 2: Einige der gefundenen Leichenteile, A: Teile der Unterschenkel, B: halber Torso, C: einige kleine Stücke, D: linker Arm
Auswertung der Insektenfunde
Um eine Schätzung der Leichenliegezeit vorzunehmen, wird das Alter des ältesten am Leichnam 
gefundenen Stadium der Calliphoridenlarven („Schmeißfliegen“) unter Berücksichtigung der 
mittleren Temperaturen berechnet. Dieser Berechnung liegt die Annahme zugrunde, dass die 
Schmeißfliegen in einer Fundsituation, wie sie hier vorliegt (offenes Gelände, gute Zugänglichkeit 
für die Fliegen zum Leichnam) unmittelbar nach Todeseintritt Eier auf dem Leichnam ablegen. Die 
schlüpfenden Larven entwickeln sich entsprechend der Temperaturverhältnisse. Hier muss jedoch 
beachtet werden, dass nicht zu unterscheiden ist, ob die Schmeißfliegen während der Tat, am Ort 
des Tatgeschehens oder erst nach Verbringung der Leichenteile  ihre Eier abgelegt haben.
Der Fundort wurde besichtigt und an die Fundstellen (Kreuzberg: Abb. 3 A und B und Gebüsch, in 
dem der Kopf gefunden wurde: Abb. 3 C und D) wurden Datalogger (Ebro EBI-6) ausgelegt, die für 
6 Stunden die Temperatur aufzeichneten. Diese Werte wurden als Eichwerte genutzt, um die 
gemessenen Temperaturen der Wetterstation des Meteorologischen Institutes der Universität 
Bonn (MIUB) an die tatsächlich am Fundort herrschenden Temperaturen anzugleichen.
Es konnten Larven von 3 verschiedenen Fliegenfamilien bestimmt werden: Lucilia caesar, Calliphora 
vicina und Sarcophaga sp.. Die asservierten toten Fliegen konnten ebenfalls der Art Lucilia caesar 
zugeordnet werden. Alle drei Arten sind „typische“ Leichenerstbesiedler. Lucilia caesar und 
Calliphora vicina werden in der Literatur als „schattenliebend“ beschrieben. Dies passt zum 
Fundort, da keins der gefundenen Teile direkter Sonneneinstrahlung ausgesetzt war.
Die sicherste Leichenliegezeitberechnung konnte für die Art C. vicina durchgeführt werden. Die 
untersuchten  Larven waren 12 mm lang und wurden am 3. September 2008 gegen 16:00 Uhr aus 
der blauen Mülltüte (Abb. 1) asserviert.
Berechnet man ausgehend vom Fundtag und unter Einbeziehung der korrigierten Temperaturen 
den Zeitpunkt der Eiablage durch die Schmeißfliegen ergibt sich der 29. oder 30. August 2008. 
Nachts legen die Fliegen unter normalen Umständen keine Eier ab, jedoch ist nicht untersucht, wie 
es sich z.B. in einer hell erleuchteten Wohnung verhält, eventuell legen die Fliegen dann auch zu 
nächtlicher Uhrzeit ihre Eier ab, zumal die zerstückelten Teile durch die vielen blutigen 
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Abb. 3: A und B: Fundort am Kreuzberg (Stücke gefunden am 3. September 2008), B: Datalogger wurde unter dem Baum ausgelegt, C 
Übersichtsaufnahme Fundort Kopf, D: Gebüsch, in dem der Kopf gefunden wurde
Oberflächen, einen sehr großen Reiz auf die Fliegen ausüben ihre Eier abzulegen. Des Weiteren ist 
unklar, ob die Fliegen bereits im Haus, wo sich das Tatgeschehen zugetragen haben soll, begonnen 
haben Eier zu legen oder erst nachdem die Stücke ins Freie gebracht wurden.
Mit sehr hoher Wahrscheinlichkeit kann gesagt werden, dass eine minimale Entwicklungszeit der 
Larven seit dem 30. August 2008 besteht, jedoch ist nicht ausgeschlossen, dass die Eier bereits am 
29. August 2008 abgelegt wurden.
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Insektenkundliche Begutachtung S-Nr. 231/08, G-Nr. 378/08
Auffindesituation
Der Leichnam eines Mannes wurde am 14. Oktober 2008 am 
Rheinufer in Lülsdorf, Niederkassel auf dem Gelände der Firma 
Evonik entdeckt. Der Leichnam lag in ca. 1m hohem Gras/Gebüsch, 
welches zum Rhein hin abfällt und in einen Streifen aus spitzkantigen, 
größeren Gesteinsbrocken ausläuft (Abb. 1). Der Leichnam lag in 
Rückenlage und fußwärts zum Rhein.
Der Leichnam war nicht von hohen Bäumen umgeben, er war 














Abb. 1: Rheinufer mit Gras und Steinen
Insektenfunde
Es wurden am Leichenfundort, sowie während der Sektion am darauf 
folgenden Tag, insektenkundliche Asservate gesammelt. Diese wurden 
fotografisch dokumentiert und die Gattung und Art der Tiere wurden 
bestimmt.
Auffällig war der gefundene Artenreichtum (Abb. 2), es konnten acht 
verschiedene Insektengattungen bestimmt werden. Diese Diversität 
spiegelt die Fundortsituation wieder; aus insektenkundlicher Sicht 
handelt es sich um ein großes, naturbelassenes Habitat, in dem sehr 
viele Arten leben können.
Es wurden neben Larven von Schmeißfliegen, die noch aktiv am 
Leichnam fraßen, leere Puppenhüllen in der Kleidung des 
Verstorbenen gefunden. Dies deutet darauf hin, dass der Lebenszyklus 
der Nachkommen der Schmeißfliegen bereits vollständig 
abgeschlossen wurde.
Des Weiteren fanden sich Larven und adulte Tiere der Käsefliege 
Piophila sp., sowie Puppen der Latrinenfliege Fannia manicata. Beide 
werden von charakteristischen Gerüchen angelockt, die bei der 
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Abb. 2: Einige der gefundenen Insektenarten, rechts im Bild eine leere Puppenhülle von 
Schmeißfliegen
Zersetzung des Leichnams entstehen. Bei Fannia können dies auch 
Kot und Urin sein.
Als weitere Gruppe konnten verschiedene Käferarten asserviert 
werden. Zum Einen Necrophorus humator (Abb. 3 „schwarzer 
Totengräber“) , zum Anderen Necrob ia rufipes („b lauer 
Schinkenkäfer“). Necrophorus humator ist häufig an Leichen im Freien 
zu finden, er baut in der Leiche oder in unmittelbarer Nähe 
Bruthöhlen für seine Nachkommen und versorgt diese mit 
Leichengewebe. Necrobia rufipes legt Eier auf dem Leichnam ab, die 
schlüpfenden Larven ernähren sich vom Gewebe. Seinen Namen hat 
er erhalten, da er als Vorratsschädling an Räucherwaren zu finden 
war, dementsprechend wird er an Leichen gefunden, die ähnlich 
vertrocknet sind. Außerdem frißt der adulte Käfer die Larven von 
Käsefliegen.
Auswertung der Insektenfunde
Um eine Schätzung der Leichenliegezeit vorzunehmen werden zwei 
verschiedene Ansätze gemacht. Zum Einen wird das Alter des ältesten 
am Leichnam gefundenen Stadium der Calliphoridenlarven 
(„Schmeißfliegen“) unter Berücksichtigung der mittleren 
Temperaturen berechnet. Dieser Berechnung liegt die Annahme 
zugrunde, dass die Schmeißfliegen in einer Fundsituation, wie sie hier 
vorliegt (offenes Gelände, gute Zugänglichkeit für die Fliegen zum 
Leichnam) unmittelbar nach Todeseintritt Eier auf dem Leichnam 
ablegen. Die schlüpfenden Larven entwickeln sich entsprechend der 
Temperaturverhältnisse. 
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Abb. 3: Necrophorus humator
Die leeren Puppenhüllen stellen das älteste Entwicklungsstadium der 
Schmeißfliegen am Fundort dar. Eine Rückrechnung unter 
Einbeziehung von Vergleichstemperaturen vom Köln/Bonner 
Flughafen, ausgehend vom Tag des Fundes ergaben ein Eiablagedatum 
vom 9. oder 10. September 2008. Es ist jedoch unwahrscheinlich, dass 
die Fliege genau am Fundtag aus der Puppe geschlüpft ist. Es ist jedoch 
nicht möglich zu bestimmen, seit wann die Puppenhülle leer ist.
Der zweite Ansatz zur Leichenliegezeitschätzung beeinhaltet die 
Gesamtschau der Insektenbesiedlung. Diese ergibt, dass der Leichnam 
nicht erst seit 3 oder 4 Wochen dort gelegen haben kann. Aus 
Literaturberichten geht hervor, dass z.B. Käsefliegen erst nach ca. 2-3 
Monaten einen „käsig-breiig zersetzten“ Leichnam besiedeln. 
Zusätzlich zu den Käsefliegen konnten auch die Fressfeinde ihrer 
Larven gefunden werden, Necrobia rufipes. Die Entstehung solch eines 
komplexen „Biotops“ nimmt einige Wochen in Anspruch und muss 
mit den entsprechenden Zersetzungsstadien des Leichnams einher 
gehen. 
Da bekannt war, dass der Verstorbene seit 29. August 2008 vermisst 
war, ist anzunehmen, dass er zeitnah nach seinem Verschwinden am 
Fundort verstorben ist. Die Wetterlage begünstigte die Ausprägung 
verschiedener Zersetzungsstadien gleichzeitig und so konnten relativ 
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